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vi — index uf iff motion, 

9i a (nlp]m l | — tlit* index of the fast ray in biaxial mine ml*. TKr* least index 
uf ri'fnu-l iuii , 

n#(betti) - The index id r he my nt rigid migl^ ui n a amt it, 
n T (gumma I — the links rtf 1 he &k>w my in bin sin 3 mil tennis. The prrnn^l 
index <»f rcfmrtinn 

u, (epsilon) — I he maximum (in positive' ami tba minimum till negate * ■ 
index of rr frm-iioti of i he extraordinary ray in uniaxial unlit.’rub, 

= the niih v id refraction of the ordinary nty in uninxijil minerals, 
h n M < n« t thi* iMinnrat i-i jxisitiv* Iff*. - /*,, i |u mim-ral * ni'gntiv ■* 
in mriHtant in n dlrn unbiviiit imtu-ral, wherea- tin index m tin 
i-\trimnitn:irx- ray vnrir* in mi r+ u to n T . 
ni ii e ii I m — tlie leaser nml prater indices of refraction «f thi two mys in 
any crystal ^■iHnti nt random tiripuint i-m 
X — the iixtR of cri’iitent ra-te of vibration Light vibrating parallel I® X 
travels with maximum *<>WH.y isiIh» mduttied b\ <> > 

Y* «• the a\\> nl U-h-^I enstc of vihrnl inn Light vibrating parallel I® Z travels 
with mimiimnt vehwiiy ialso indicated by >), 

V = the intermediate a\i> at right angles to ihr plan- -i X and 2 ,d m 
indicated by tfb 

xv 



Scanned by CamScanner 





































Optica] mineralogy 


xvi 


TABLE OF ABBREVIATIONS 


* = the asm of vihrarinn of thr- rat fan rrl in ary my. 

w - tin- tucij* itf vibration ef (hr ordinary ray m n plant 1 at ri^ht in. «. 

r = the diapencil!i! for rr-d. 

r = thr duiporsinn Jut viol Ft 

2\ = the asml angle wit bin the mineral 

2K = tlHi usual itni'li ntnuTVed in air. 

B** = QTUlr VlLHtM’tns. 

li \ 0 = uhi use btaeef ris. 

Av, pi ^ the plane of I lie optic men 

ij - tiiirmn, ihoUHamlih of a miUiineLer fMKlj mm.). 

rita 11Lillimii 1 r>-n. nilIIioiii -h tti n ihrueter n (HMHiHiE mm 

AV — anjptrcim unit* i«-nth of a mflltotefon iii.a kiihMKI 1 ram.), 

A - p tardatifin in ora miJIuiut-niiun 

i - ihu'knrai! of u thin ’^irtioti, t *milh jpvtm in hundredths of a nuili- 

llietrr fhQl liitnj. 

C, ii r and r — the ervstalio£I»phir a \ w 

ft., y = naghs bi'ltvef ri the - ryaiaLlographir uses. 

■■ — u»> — double refractior for biaxial minrniU. 

* — rjJ: (n a — «*) - double refraction for imiasiul mineral?- 
II; = the fInw ray of tie- Merck cumprnsminr 
11= tin 1 fast ray of tie 1 Merck rompf-r)«ntm 
*■ m. the extraordinary rny. 
a m the ordinary my. 

LengUl-fllll tor ini^ilivc obligation 3 
direction nr the fiL>t my 
Lcnglh-ataw (or pnutiivt 1 rfnngution) 
diruriinn of the alow fay. 
rn = circa (about). 


►slotmnt iriii parallel I * tin ’ il«:;i (i :i 
I'lim^nlimi parallel Of the ibrnlun 
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CHART HR II 

THE POLARIZING MICROSCOPE 

General Discussion.— The polarizing, or the petMferaphir, 
tnirruKcojje, a* il may Ik* called, i s used to tin 1 cm lusmu cjf other 
models in the study uf thin see linos uf minerals and rucks. The 
lenw system is idniilor to the lens -ystom uf the usual modern 
compound microscope. The instrument,, however, contains 
several additional features That greatly iiinvwe its range of 
usefulnewH. The most distinctive are the pollinating and unaly*- 
ing prism?' and several accessories such as the Bertrand lens, 
mica plate, gypsum plnte t and quartz wedge. 

The names applied to the various parts of a polarizing mirro- 
seopo are givin m Kig 5 , l lie 111ien.1sct.1pc illuM rated may he 
emisidered either as a student model or a* a model designed for 
routine form* of mieraHcojhe work * 1 It ia only in ca®G* of 
advanced research that a more elaborate instrument is required. 

The polarizing microscope adapted for ordinary examination 
of minerals in pbwe-piihiriied Light, nbservaiion between crossed 
nirots, and eonoscopir study. The lower polarizing prism i> left 
in place beneath the condenser, and the upper prism is moved to 
Ofie side for ordinary inspection. A full range uf magnifications 
LetjOtnCS possible with this arrangement,. When the mu i^cope 
is used for exam i nation qf specimens between crossed nicofa,* both 
prisms are inserted in the path of light. The path of light 
through the miemceope with the latter set-up h sJtilWtt in the 
m ctionnl view (Fig, 7 ). Observation between crossed nic ob is 

1 HfiljirUiflg micro * 1 rope* m concur m uae urn mamifuclimd hy: 

Kttui'h atid Dimh Uptkul 1 " . KorhehUT. Nd . 

( art 2t-w*. tin-.. 185 Fifth Avt , New York. N Y. 

E. Lciu* Im „ 7m Fifth Av*\ t Nrw York, N.Y 
SpttfW*r Lean Co,) Ihiffriki, N.\* 

= The word ni&l hi frequently iiwd in n l»mud wtw in rnhwiig to cither 
the poliming of the anal y*i riff pn*m». The prism wank however, tony not 
Ixt, strictly ape iking, l> N iotil (imm. 

0 
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|m, hMi r tin* '■rime range nf miiistiifirutim u that employed 
for ordinary * v itninainai. A -imple Ivns is often inserted above 
tin analysing pram If rum-el for the -light change in magnifi¬ 
cation iJ up to tbr prism* 

i anoficopic study consUl* of axainmahnn between eroded 
iiirnl" in convergent polarized light with n Bertrand tens. Tin 1 
‘-t'ljiii'1 h’ i" of unit ■ i'liiphI f*j-r 11ii j ri,tiiosi'o|iii* Ht*l -ii] * is illustrated 



Fn. 7i, \ itiid> m i• • * <M [M'ffjterfti'frl'ia rmi'nim u|w wil Ii purtA imirked 

1 1 . f f t 



serviceable for etyetmb of large jum. Ordinarily, either 8- of 
‘t-mm. ul>jcriivc-T are u-ed in obtaining iutcifercDce figures from 
small rry>i tils. 

Parts of the Microscope, (h'tittn*. — Oculars list'd in modem 
pi -tmiEr:i.p)iif mirra-mjM ■ uti* ordinarily of the Hnygrwian type 
or :i simple modification, In ruTtkhhialiim with Ut- und IChutu* 
objectives or other objective- in tin* sum* range of magnificatirm, 
UnypouLiii iKuhs- an employed Where roEubiniitiotir giving 
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the foi.aR izixa i//f ms *'ope i i 


higher magnifications are desired, the ocular is rimilar to the 
Hiivgcniau ocular but eoiitjuns a sjiecialiy OOUTectod eye-lens 
arrangement giving a flat field. This adjustmont m pat iii uhirly 
tmportant for photomicrography. 


1'i‘j. ti. —A itudi nt ItUHlrJ jHjtiiritmiL- iiui-m^h^k’. [ Sfnhi*r Lem Lutnymt y. 

In the Huygcuian ocular the Mop is loculi I between the two 
3 +-ij= An onilar of this type h freQuetrtly railed a n^ih 
ocular, The flumsdru ueuhir with the Mop below the two lenses 
tain contrast described as & posd Vmmtfar* The EtiTuugetueni 
of the -tops in the twu typos i- durwn in big, U: a rrpresi nr- 
the Iluygenian ocular and h t tin Humsd< n type* 
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Flu. 7. — A din.gnij|i ijlijstf atiiuc llio pal It of liglil llimugU ihv iiiiffriraop# for 
nrihliaty rthiflnS'VJitifHl in ill CTCHM*! ir.fr L> ha 
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Fib. 8.—A MtftjqnaJ vie* of ihe jm»| arising injrrtjacij]M* u * rcinnaHipe ftir liu 
itiirly ni mterferaugc finuri'n and lii** for high imurnifii ationc I Spcntxr Lena 
Uampmm#} 


THE FOLARIZiXG MICROSCOPE 
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ttvrti \t 


Com]-1011*11 ting neuhira are cott*lmi*t»-d to accompany apo- 
rhrmutiUr bjertP/es. Some iiiumjijiHun p cliiiin 1 !mI in order 
to secure the best results, nrnlurs niEtgmfying inure llimi ten 
tiling should In* n| ihis type, Ordinary 5 X and 10 X oculara 

arc satisfactory for im>4 

()f%{ riirrx,- Whrunmtir objectives 
arc ordinarily uml f«ir Ihin-srefHiii 
or fragment studies* Thun* usually 
supplied by 4 be manufacturer-i as -.4aiut- 
ard equipment. 40-, #2-, 16- anil Finm- 
achrnraat.it? objectives will serve for 
must studies. Tn the case of achromatic 
objectives ciurpcfinn **i aberrations ul 
llir image iK-cornes num difficult with 
high eyepiece inagjiifiratinn, and only 
the beet achromatic objective will 
give satisfactory results vdth cm eye- 
piece magnification of 12 X or greater, Views nf several cut 
objectives appear in Fig, 10* 

Apuchromatic objectives have fieen construct'd to provide 
uddilioiml n'l.-eclijm beyond that u-iinllv given 1 1\ iLi'hro- 

mafiv objective*. Tn this type of objective practically all the 


■n 


t&l 


Fib 14 .— Soft ion a a( posi¬ 
tive jinl| lU'KMll orul»T8. 
(ai Thr El uyiZJTinin onjEnr 
in IMilliw ^ruJor j. (ft) 
Tlir RmiiirflfTi ocular it 3 w-mi- 
tpfp iH-ulun* 


I 

I 


(a) 


m 


tr> 


Fin. 10. -Sw U ohuI vk*ws of uijjfi’tifp*. (oJ AcEle lunatic ulijeftivt- Jti mm. 
•*" ^rbriirnnur wlOwiivi* I imrh (n Aim tela mmati'" ilijwnvc 1 1* mm. oil imiku’r- 
*josi, HiUimi'h ntut Ltomh Ofiiiatt if nmiiantf, 1 

image- produced by the different colors of the spectrum lie in 
tin- same plain- and ;m iMpmlh -harp Tin I < r 1 - - -- nt* mad* nf' 
«-f>ndjiiiat] "ii> of fluorite and ulus- The diffauby of scruring 
good ftuurhe ami tin- prselreal tliflinilties in their ruanuho-tme are 
coDaiderabk*; consequently the cost is greater than the *-ia—r of 
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ordinary achromatic objectives. However, these objectives arc 

seldom necessary for iiHcrostnpic study of minerals, 

The principal futures uf an objective dial are of intereat to 
the student are the initial magmtieatioiu the numerical aperture, 

I he focal length, and the working distance. 

The fLjf-rtI length may lit employed in determining the approxi¬ 
mate initial m&gnificntinri of ail objective* The optical tube 
length divided by the focal length equals the hi it hil magnification. 
Several mamifaeturers stamp the initial magnification Un n >tmub 
urd mechanical tube length 1 on the objective. This figure nm-lti- 
i ilied by the power of tlie eyepiece gives the magnification for n 
standard tnlw‘ length. This Should be mmQted, however, 
when the analysing prism is inserted (unless the prism mount 
cmiluius a correcting ten-i Correct tuns can lie determined by 
using stage and eyepiece micrometers. 

The worki ng distance is the distance betw een .. bjeet ive 

and the top of the rover glass of the ftucr us cope slide when the 
objective is in fo cus. 

The innnei Seal aperture (NT* A i of mi objective in a measure of 
the largest con e of light that it rovers from an object point at 
the principal focus, N. A, equals tt sin where u is the index 
of refraction of the medium between tin object under examination 
nm fthB objective* a mi p i a one-half the angle of the coin 1 of light 
entering the lens* The numerical aperture furnishes a criterion 
of the quality of an objective. * Hher tilings being cquulg at any 
magnification] the intensity of the image is proportional to 
X, A.; the resolving power i> directly proportional to N\ A.; 
the depth of focus is inversely proportional to N\ A. Tu bvn 
objectives having the same focal distance and therefore the same 
tiutgniili'iiiioii, the one with the greater A. will take a larger 
eemc of Eight from i hi object and will \ Lold a brighter image. In 
genera^ with ordinary lighting, the limit of Useful magnification 
for an average observer i& between Aillt tiino the N. A and 1000 
times the \, A. 

Oil-immersion object he- an- used fur high magnificat iona where 
a high degree of resulving power and con eel inn are required. 

i Bnuflch mtd Lomh OptieuI I "u. uiitl ^fienuirr T^rng Cti* “ 160 nun. 
LoH* — 170 mm. Zoiws = 170 mm 

f Air (it = l) tn tlir raise ef ai dry objective jimt sprcudlv jnvpurnl radur 
oil (n = I 5151 in im oibinmieiNiou objective 
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OPTICAL MISm iLOGV 


The oil dmuld agree bi Im till dispersive power :tud index of refrac¬ 
tion with the front of the nhjeriive. The effect of oil 

mum r um mu ..o < i light entering the front len* of an nil* 

immmimi objective is shown in Fig, !L A considerable advan- 
I : i U • I- al-o LLillird h> phe 11. U a < Imp 1 p l "I I I" Ixm'i'M I he iUlMlinr> 
w n dff wpf tent nod tte microscope slide, The working distance 
of im oil-immersion objective is very abort; the lenses art? difficult 
hi ms tii if nr Litre and arc consr-pjchtty expensive. A g<H»d oil- 
immersinn objective, hofevn u ve- a beautiful held with high 
magnificat ion. Tin- ■ ■!?ji-«a 1 vt- should he handled purrl'nlly, 
i‘sfM?eialh T in iodising \fier use the oil shnuld In- removed by the 
us* o 3 lens paper moistened with xylol or benzina 


4f'r 


(a! i&J 

Fio. It,—T>|:igTMm illuniruling flu- rifiivt-fu* Hep tif linkt by tfimim? ut i‘t?doT oil 

£.1.1. . «| ill In.lit ' rl ihi U'Tkh ai ill . . . un ulijw‘tiVB <aj Mr nlofir without 

rmi^r oil; i^ 1 ' with cellar nil. 

Microscope Acemarfcf* — The accessories provided with the 
microscope generally include a quartz wedge* gypsum plate, and 
mica plate. These are marked with arrows indicating the fust* 
and >tow-rev vibration directions and are mounted in frames to fit. 

tif 

the opening in the tube of the micro rope between the objective 
and the analyzer* 

The quartz wedge is ground to produce interfercooc colors 
from ihc beginning of the first to the end uf flic third or fourth 
order, Lt is marked and mounted a- shown in Fig. FJ, 

Tfhe mica plate mid gypsum plate (German = Glimmer and 
t;ip*} together with a centering pin are illustrated in Fig. 13 , 
A v- the 'i 1 11- •! ,11 dii< k elion Ed the mica and gypsum |j|;ilis i belt v, 

fOkroaropu). 

A rio/^,w* — The prism mounted in the tube uf the microscope 
above the objective is known as the untihjzcr. It is usually 
earned on :i sliding mount so that it may be inserted or with¬ 
drawn from the optn al axis ai will. The plane of vibration is 
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usually cither perpendicular or horizontal in ihe field of view. 
More elaborate niie mse epos are fitted with a means for rotating 
the analyzer through 00°. 

Pirfarizt i ',—the prism mounted in the substage system below 
the condenser is known the /hj larmr> It is arranged for 





Tin. 12. —Tim ^atirU «fcfc-** iuiiukIim] nm w nhttfsJ phi to smii mi 

wtrr hh f 'ittitjitt u;f. j 


& i m ud trunm. 


any adjustment through iWf but is usually kept adjusted to a 
plane tit right angles In the plane of the analyzer. The position 
uf tlu- polarizer in its mounting is show n in Fig. 15. 

Bertram! Lenx. —This lens is inserted in the tube of the micro- 
scope between the ocular and the analyzer. It serves to bring 



Gypsum 

red 
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- 

^ now 
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L 
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Fit:. 13 .—Tli e syptum plate Uu, tun-a plate ib < and a ^ontn inK pm < r *3 . £JP. 

Le.iit, Inc,\ 


the image of an interfere nre figure into the focal plane of the 
ocular. 

luli'iHVr<'iiei* figures may be observed without lhe Bertrand 
lens if the ocular is removed, l or best results, a Bertrand lens 
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u itii a i i.i« iiMiiii ilhiphiagni ±1 ml ;tii auxiliary magnifier lu lit over 
the eyepiece i> used 

i irufi H mT,-— three nunpnnents ma> be present in :i condenser 
of the type selected fur illustration, In (tttB&fiiy exiiini- 
iiciti>»n with low-power objects • * a U ii> coinponeni with an 
illuminating aperture of about o 22 i- iwii In working with 
high [*" trin obtaininginterferencefigttrtc, onothei condenser 
on :t movable nn him ling arr<e- rite :i\i> < Fig II). This 

offices fur all objectives of N. A. ii|> to 1,0. In the case uf 

higher numerical apertures a 
special lens i> inserted hi plan 
of the condenser in the muv- 
uble mounting- This is more 
effective if used with till 
immandim. 

The arrangement of the con¬ 
denser. together with the var¬ 
ious adjustment* for the 
polarizer, is shown in Fig, 15, 
Jm Diaphragm . — The iris 
diaphragm is alluehed to the 
lower side of the tube that 
holds the poliiriser. It serves 
to reduce the rune of light, 
lessening the illumination of 
the field nf view, find muses 
objects to stand out with 
increased relief. The diaphragm is useful in tin application of 
various tests when determining indices of refraction with the 
microscope, 

Mirrur . — The mirror is usual)v reversible, with urn- surface 
ptaiie and the other concave* The plare- mum surluee is 
suitable for l0W-|X>wer micmx'iipic work. The concave minor 
nm veygea the light upon the objec t. I t is espec ially useful in 
high-power examination. It should also lie used fur km power 
when the illuminator produces n convenient beam, 

tin* 1 ifjuAtinrnL- -It is advantageous tu have the hue adjust^ 
men! graduated m as tu permit the measurement of the displace¬ 
ment nf the tube to within 2,5 w (thauoatodths of & millimeter). 
The adjustment is used both fur measuring depth and fur focusing 



rriiidtrat-iiOEi Of (be mqilefiApr sy^em 

|.SjVn*-r ifnj * omjMitin i 
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mi objects fit Iki^rli mngnifiriitiofi^. The u-JutioiLsltip betuern a 
runr-r and fine adjmdnionl met tin detail rif Lin* tint adjustment 
fur one type of ndefosropr a.u illustrati*! in Mg. 10, . 

Bmrt t'itmpenxntrir The mmpensator is Unsigned to fit the 
tube siil above the ohjtvtive in ! f if ^mie opening used lor tin 
gypsum afcd f he mica plates. It is emplo yed in the detflrmhmtioii 
of the order of inirifen m e rnlors del with n’nvi-d nicoK 


Ue plate is inserted with the vibration directions opposed to 
those of the mineral being examined. The compensator is 
adjusted until the eolur of the iniinml b milt rallied i lieriiituN 
gray). 1 lie ainuimt of rnljionuenl of the compensator necessary 
to bring t his :il mill is ;i measure of t He retimhiLton. A view of the 
lierek compensator appears in I m 17. 

Object Slide. Various lengths and widths of nbjei;t slides may 
be Usod T but I hi? thickness js of grenler impoitame. Immersion 
condensers are made to work to lust ailvrmtage with slides from 
0.ti to 1.0 mm. 1 hick. Thus slides intended for study at. high 


I’m. JIV—The arrangrcmrit *4 the it «!ni iarr Lwfftw 


l hf« l-Nimt-ii nfr-r. I > J* r.j-rr f^rn 
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magnification- ihotiM conform hi Him thtekncs* if the most 

suri-dm lory results fire to 1*0 secured, 
SliiEi s Hi mm. wide by 15 rum. long 
are generally iMml for mounting Ihin 
sections of mini-mis and rocks. Such 
slides fit easily on the rotating stage 
of the polarizing micrnNcope yet arc 
Large enough to contain a good- 
sized slice iLrul also a label of 
suitable dimensions. Ixing slides 
usually employed in biological in- 
v&stigntinn* nun lx* quite inconven¬ 
ient on a rotating stage. 

Cover Glass. — Objectives usually 
employed for thin—eel ion work are 
corrected by the mAnufacturers fora 
mvcr-gUii-* tliU , kiic>s nj from 0.15 l.o 
H IT mm. If is naan r ued that the 
top of the slice is picufted directly 
against the but tom til" the cover glass. 
In cose the slide is poorly mounted 
and a space intervenes between the 
top of the slice and the bottom of 
Fhj* io.—'T in' Huy nrijiMtmuDt the cover glass the ext ra distance 

(Spenctr Lou Ctnnpany,) i ,i I i * j i i 

should be considered as so much 
additional thickness of cover glass, in order to obtain the 1 jes t 
results with objectives, cover glasses of stand aid thickness should 
be employed. 



FhJ, 17. The Hyrck finn|i >«f H Lfii-, fur ) 


Precautions to Be Observed in the Use of the Microscope. 

Kvcn under the best conditions mi' rose*ipe work produces n 
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TUB POLARIZING MICROSCOPE 2 ! 

certain amount of strum upi.m Hu- eyes, h c&sciitiuh there¬ 
fore, to employ the best possible conditions of work hi order Lo 
reduce sueh strain Lo el minimum. 

The student should rtiwunu- an erect hut not loo rigid position* 
Surh a position with tin microscope tube Mtted allows him to 
work with maximum comfort. 

Both eyes should lie kept open while looking through the 
instrument If it is difficult tu do this nt lirsi ^ u shield should be 
placed over the i ye not in use \ bimn ulur eye guard is til us* 
truted ut Fig* IS. \ «p ring-dam p Hug fur ul turbulent tn the 




microscupa tube carries a liiirrahjointrd arm with a dummy 
eyepiece fur covering I lit- utilised eye. It is jiIhj ji guod plan to 
learn to observe* equally wi II with either eye and not to develop 
the so-rulled mieronropt t >fi 

lu labomiories ie i| iiiria large amoimi of routine aiimiseupie 
work an Attachment known ei- Hie * u-m^t h:i> bem devised for 
projecting the image of the held on a small shielded viewing 


screen Tin* observer e -rated 


direr I \\ in front of ihr screen and 


looks forward into a viewing box with tin; imago >m & -creeii at 
the oppndtr end, as shown in Fig, IP 

Tin- eusi'ope has several applications for routine work A 
ground glass may be inserted rm the front of the instrument and 
Used for mirioptnjiriion. Grating lines may be ruled on 
the ground glass corresponding to tin div idnus of a stage microtn- 
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hit. in v hit'll ease i hv rum-opr w ill serve for mirrosmpie tnnis- 
iin k i(it i i1 1 irf grain dasi*. The insl ninn-nt U also tuhiplrd in hold a 
cmmeni for Inking p 1 1 n t u n i h ■rop&|^id of thin .Motions. 

Care of the Instrument. A j * JiirixinncroHopr is an c\|H‘n- 
sive piece of Properly used, il ^lionlti last a lifetime* 

If tn*1 liamllni miflnUy, il may heroine uwdcsvs wiilt wry little 

nal nnfo Musi nl 11n- juvtnutinn.s En Ih- observed in the use 

of tin- i 1 1 s 1 1 l!1 1 4 r1 1 an such n- -I Id I*! npplii*d to Hiiv pirrc of 

fine tip | aim l us, A (v \\. him m or, invol speehd nature ntld should 

In deliuitch i 11 tT il | r ii no i 



Ft*i. Ill The i-iiHM’iijii 1 i!yvi-Jn|M‘il m i gin ally fur tnulosirnl vnrk Inn foiimL to W> 
Umj3 111 lift (tiillonilueai-Jtl Ih it: k i'l .1 uvll. \ fJiiiinr.h iiml UfiifiFili ( uNipdfillJ 

l , ’im , -li d(t i in'J. Irus paper, or, Mill Indler, ft raiiielV-hiiir brush, 
-hoiiki bo U"od for clefttiitig nil optical pint' This* applies to 
tin itrnlnr the object ivr.it, the suhsUigr- swli m t tin 1 mirror, r*f mI 
the* t wo nicnta. 

objectives should In brought into fnriis hi moving tie tube 
of the tnirroseopi* upward rather llirui downward, Pii&ihilify 
til cm it net Ih-Im'iti the lower ion- **\ 11 1*- objertive find the thin 
-4 ritun is liiu- avoided. High-power or tisWnmiroion objectives 
should I in cleaned with lens paper mu I vylol *>r licit zinc not 
jilmhdl). 

t'hemicub 1 should not hr u <d un tin* stage imk~s special 
prrrttuf ion- are taken to protrrl the objective. Objective* may 
hr pi i it retell by I hr use of rover glitHSf^ flistened to I he lower 
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lens. Occasionally on old objective m reserved for chemical 
work ulurif. 

Magnification,—The mien.- cope i- primarily an hist run nut. 
for magnificat km. It is worth while* then-hot*, iu form at the 
outset an idea of the enlarge merit uf the laid uf view with the 
various Uni. systems available. The following table outlines 
the various min'tii fir at in ns at l hi eye for different runihiuntitins of 
nbjectivc- witli an equivalent focus "f Mb 112, ill, 8 f i, and 2 mm. 
(oil immersion) anil al-<* on dam magnifying five, !en r and fifteen 
tin tea , n>i rect i ve Jy, 


M %r r \im itJO^“I 


Type of objects cr 

tkiuivm- 

lent 

focus, 

milli¬ 

meter 

Magnifi¬ 

cation 

number 

Magnificat ini™ 
with uruUni 

Work¬ 
ing dis¬ 
tance, 
miMi- 
meteni 

N. A. 


5X 

10 X 

15 X 


Arhmrn ritir 

40 

3.2 

16 

32 

4S 

34 5 

0,12 

Achromitlir 

32 

4 3 

22 

43 

its 

27 0 

n. is 

Achromatic 

16 

10 

50 

100 

150 

5 8 

0.25 

Apocho'tnntir 

8 

23 

115 

230 

345 

0 H5 

n os 

ApDehrumntie. 

Apoehromatie (oil 

4 

-10 

230 

400 

090 

0 20 

0.95 

1 III 111t'TSfl’QTl J > ■ 

2 

92 

400 


1350 

on 

1.32 


Tube length: 170 mm 
riaflU' iliMante: 250 mm 

1 Aft*r Jjritt. 


There are certain definite limits to the resolving power of the 
microscope, even with the best lens systems available. As long 
as the increase in magnificat ion results in hotter vision of an 
object am; more definite separation uf detail, the magnification 
may tie to be ** useful/ 1 When the object merely becomes 
larger without any increase in re-living power, the magnification 
is <4 empty." So-stalled, empty magnifications of great magnitude 
are possible. 

For practical purpose* the upper limit of “useful* 1 magnifi¬ 
cation with the polarizing mi' r«'*cupe is nWit 1SIKJ; L l Larger 

Vn DiPituntCrHum objr'-livr i m3 Zeb- pnimity nuiunifiiMi imi 120, 
N\ A. 1,3, for work mg dill tin* < 0,08 mm., in r{<mhi tuition with n IS X m-ulnr, 
.should yield a inaiEiufiration rntjn of 1 s{) 0 : ] 
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magnifications, MM tKBtlftlly repotted, an* tin i> -nil <*r -ome form of 
projection orspei ad etpdpmenf in which thi ' \,m i Innii- • >i useful 
magnification arc not * learl.v known, The musi ordinary form 
of linger lion b I hi j enlargement employed in taking photo- 
micrographs, Photomicrographs taken with a camera having a 
Long twllowi may increase the magnification ratio given by the 
mirroseojic several limes, Thus magnification ratio* of 31 Min. I p 
HtOO: 1, or even eonsidmihly higher may he obtained, Such 
increase in mognifimi inti jiImiw the (imirmlM'atinTi of ihr micro- 

■pc is esscnt lully enlar g ement ami does not result in incretw in 
imrimtlaii* From (1m* ^midpoint of increase in resolution or 
dchul t il i- # *empfcj " magnification, Jj tinged ]ih<itomicn>grnphH 
of this type, however, may have value for pnrjMises of 
dtmimist ration. 

flm liruii of n^oluliMii for /reon light itli a lens of V A. Lltl 
i- -aid to he approviiuntoly (i l S g, Thi- might he <1--■ribed as 
lUt- tJiatamn apart of two object points in the field of view of the 
rnirmsciipe whose disc lamp'* would just touch as projected to 
the eye. It has lieen shown mathematically that the limit of 
n solution oi|iiaE> the wave length divided hy Twice the numerical 
aperture Prom (hi- relation-hip il in possible* to compute the 
number of lines per inch that call he -i-pund od hy different 
numerical upeitor*' Several may be given n> follows for blue 
tight wave length t8b: 



Mnc* per hirh 

N\ A. 

♦SrparaP-d 

1 30 

1 3ft, Don 

01 r ) 

80,000 

0 65 

OB kMMl 

0.30 

yi ,ouu 


\n accurate check of t he magnification of the field if view in 
the microscope can he obtained hv using a stage micromotor 
(Fig* 20), The stage micromeTer is a glass slide carefully ruled 
ititip hundredths of a mi Ili met or, h not only sem-s as a com¬ 
parison object for determining the marniifini! ion of the micro¬ 
scope but also may be used to give the magnification of micro 
drawings. <( f aiiero projections, ami of photomicrographs, 

M jfTometfT eycpn-ns rue itK* utdtad w hen the dimensions 
of particular object* in the field of view arc desired (Fig 2bi). 
Such eyepieces are useful in determining the axial angle of intiT- 
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fiiri'tin* figures with the minrooropc. The eyepieces should \w 
aililimiE'd with the aid uf Hie 'Tago mirr«mi trr« fur various 
uhji'i'i U vft. Tin- dinu-usiuttg represented by the rllv>ns in Iho 
mirimnHir iM iilnr (Fig. 215) $& observed a! t he eye ip*e governed 
by ii'lalimis between tin- objective, I he eyepiceiv the tube length, 
us id by the premier m aWlireill tin opt irnl train of the hria lyijer. 



I 'm, 2lk Tlh‘ ninji* mlPfumi'N'r, (.Pari Zt jm. /ihj.) 
MirrmnebT eyepieces of 1 be grating type I Fiu r 2!r■ ) are 

employed to measure the amis nf grains or fragments in the 

microncope field* Then 1 sue ;ilso calibrated fur different lens 
combinations with a stage micrometer. 

Illumination. At ordinary Ttuigniflrvut imi- a good 1 1 <»rth light 
with n bru:nl Hear sk\ forms rin excellent -a mm? of illuimnution 
for tin j Manning microscope 





mm* 


(c) 

Flo, il- —hi Mir-mnii-l^r tiriilur; ,M 4-cali- in n miiithhh rcr fn-ultn . in grotiug 

mi. r n » u ir t v r r i .furl Zn ta . / t ,c, > 

In c:i*e such illumination is mn available. artificial daylight 
lights can he successfully employed* These consist of various 
types iif electric bulbs mount i*il in cases with si special blue-gin^ 
light filter in the path of the illumination. Three types are i I his- 
t rated in Fig. 22. A low-voltage bulb with a outidensing lens 
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smd diaphragm, as illustrated in Kig. 22f, provide- mutable 
illumination fur n wide variety uf mugnilicatiaoa 

At high inn^ti if) ration# ami fur photomirrngrapbie work a 
jBCtihanical-f rod aro lamp U somethin ^ used. The beam from 



i«i i 





tW try 

hH. JJ. Vm i-Jij.- 1 v| h'h m| nrlihcuil iJItLiilimit iiml Jur tin* im ft tiwJij#: Cal aumll 
Milmliii!'' ]ini.|v l *' -ilnum lump fur icentrjil ill it icy; <f.' it low v(jltm< lijrhf with ji 
wnh* i itupjii *»f j in*'i in I y. ' nO, (fth N/m »f»'C In »m f'«. '.r ! 1 Uric Sui*»*tka. * 

the me is very warm situl slmidd :tlvv!iv> hr passed thmnglt a 
■'i m■ Hi1 1 u r cell uf water in order to avoid injuring the ivmrui in the 
prism- nl ihe n'lhruseupe lunless special prisms an employed). 

Regard lew of the source of i Liu mime lion employed, it is impor¬ 
tant t«s rebuiltte 11 ii^ light entering the mierost ope with respret to 
the optical M’slctu if the best results ur< to 1 m- arhieved, In 
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unlrj prop oily to urromplhh Hu- nsuit. su|1 jiljlr fill i‘t s slinulil hi 
uhihlc for the soune of illumination. the light used should In* 
equipped with art iris diaphragm, and the efmdeimar system 
.should iilttu euntuid it suitable dwplmigifl '31 e field of view in 
the mierosr ope should hr rurefully In nun led by rm*b diaphragm 
and the proper filter .system emplimnl to mluee ihe illmumiition 
1-' suitable inleiisilv T'tojn i n-ofuikm for each iiiugiiilU'Ht iim 
may he -tiurud in tin- way, 



f-Sourct* of tiiumirmhon 

-L^nsfortt: rnfrjfe ?/-■/ 

t 

,-Light, fitter 


ffrT" 


Image field 


Objective arete 
- -“Object 

Condt’ner circle 


Mirror 

fly *j$m —Ditujmni ibowinf l he r*‘lahvi- diUHtllWi* at t hs J^ktii in the 

mirm* >j*- »nd tlii'ir irUtkm t<i Ihr iUumiantiDn. HitUnfi.* 


Tin circular field of view scon by the observer when lie limk.-* 
t timiigh tin 1 microscope i■- bounded prinwnlj by t lit' diaphragm «f 
till- eyepiece. Tin diaphragm if fixed and *1*0 contain# the 
crotehaira. the magnified image of thia diaphragm bound* the 

itnagifietd I-. through the eyepiece. The nbjrct fi> t<! a field 

I,f vieVI ci|ii:il ill diameter t" itie diameter o( tlie image fi<-H 
divi'li'il tty tin- Iolat magnifirauun. It meai-tun* (In- urea •>! the 
thin action or ..-I,, objec-t under obeervation at a particular 
mutant. I ll' ttouree field is tin- field of view at the (daw filter of 
the illuminator. The diameter of the soiree field in equal to the 
protect „f the diameter of tie object field and the mapna-ol of 
the reduction enused by tin- ..tenser In itic control of 
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iIhimiinitii hi, the area of the light Imiviiifr the ilLumiktitiir should 

b.it by ili! eundrh-er until it espials i in- sourvc Held When 

tin* light entering the microscope is limited in rhi.- ««v, mih tin 
circle til tlie 11 1 1ji • t thnl i- seen \> ilium insite*l t and glare due to 
I lie ihlerfiTetuT 1 ut marginal light is elii numb'd,, 

Whi'ii Hte condenser i» in fm-us, the iris diaphragm (let ermine* 
the used aperture of the condenser. It i- important that E1 1 i- 
aperture lie filled with inufomi illumimitiuii, If the objective is 

plftood itLfocufl and ..yepieee femoved t the used aperture of 

the condenser tuny he observed by looking dmvn the tube nf Hie 
microscope* This tuny In- Irrmed the cuntti'.ttxrr coYi ■, ]i h *| 
bright lirrular urea encircled hi a dimly lighted baud or ring* 
The Ifttterhuonietiiiia termed the objecUv* circle. The obje tive 
etrHc is nut hounded hy i% diaphragm hut is limited by the 
margin of I he objective lenses, tn microscopic adjust men 1. il 
ha> been found that the rondensor circle should lc jis nearly 
cjpiul to the objective circle in diameter a- possible \iithuii! 
causing glare. This is particularly important in tiding objectives 
yielding hiyli initial iirngtiifii-nUun uilh eurn ^jiondingly high 
numerical apertures niWmmersimi objectives usually rei|iiire 
tie i|si‘ of immersion condenser^ in order to avoid the loss of 
Useful magni fault inn free from glnri Either ninveo-d wuler ot 
oil-immersion rondenatis may ho used. The N. A of 1 In con¬ 
denser should fee Ic&S Chun (be N A. of the objective by ft iUUkll 
amount. 

Adjustment of the Polarizing Microscope. Four -;epni:tle 
>tcp,s can be outlined as ueeessiiry to arrange the polarizing 
microscope in order fur l lie examination of rock acr tic ms: 

T rentering the stage with the field. 

2* < rousing the nieols. 

:i resting I hr rj us-hairs. 

I i Jelenoiiiiiig the vibration plane ot the lower niml 

L Cruft tin\f tht Stitfft it'ith iht Ctffti — tlio stage is .ti red 

when the axis nf rotatinn minridi’s with I he 1 11 1 m 1 axis of lie 
micro-rope, the t ube uxi- standing perpendicular In I he center 
of rln 1 held nf view Screw- mi flu side of either the objective 
collar or the stage (Fig. 2-1) air used to align the tube axis and 
the stage, V simple procedure Is followed. While looking 
through thp instrument at 1 he field nf view, pick out an easily 
recognizable point. arid thru rotate the stage. The poinl should 
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describe a concentric eirct* 1 ■ »f rotation about the intersection nf 
11n* crosshairs If it does rotate the stage until the jNiitit i> 
furthest from thi 1 intersection of the crosshair bring it in half¬ 
way by means of the centering screws, anti then firing it to the 
renter nf the stage by actually moving I he slide itself. Rot air 
'in- -rage, and repeat the operation if the centering has not been 
completed the first lime. 

2. Crossing the X imls,- I fir planes of vibration of the two 
prisms should hr set at right angles to each otliei, 1 hr plane 
of vibration of I hr analyzer is usually fixed hv thr manufacturer 
either from left to right or up and down us one observes the 
mien ’opir field, The lower meo] i- adjusted at right angles by 




Fia. £4—Ulmsnuti ilium rat mu r^riiwtna |4*« fMd ol vIpw in i ht- diknwmjir, 

rotating it in the nufaettnge collar until ihe field Ini.- dark, 

with both ni rob* in the pari i of light The niuols should remain 
m the position giving maximum darkness. \ small pin usually 
fit- into » indeh at this position. 

3 titifl the Crosshair ** — The crosshairs in the ocular may be 
Tiber the spiderweb type or lines engraved on a glass plate, In 
either ease it is important that Ihe hair lines bo parallel to the 

pi.- of \ dual ion of I he two uieob i Jniin&rily those wv set by 

the optical firm supplying the microscope, and the ocular is so 
arranged that it will not fit tie tube of the microscope in other 
than the eonoel pusiliom The adjustment should be eht-rked 
occasionally, however, and in ra-e the alignment is inaccurate, 
the crosshairs should !*' reset hv all rtpcricnml tci ImiHaii* 

A slide continuing smalt elongated rectangular crystals of 
unimljti- Tig* 25 ) b useful to test tin- sHling uf the rm-lnue 
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I 11 - - P| r*rii rimftMiii lln uhrnthMi j.fumr ni I hi [uii'i n iui ■!: ,.i >!<•[> urnh'il 

i Miiin.iluic frufpti»-iii* ii i limittv in thin lection 


rncnt, tfn* tvi‘h lino sfioiihl l» jinriillnl u\ nt right mijilo t■ • the 
tmiglif I Jill- III l lie ery-ta], Thin in true in iwh nf the four 


II -I 'ft’lilr i> licit uv-iiil'iKl-- ny it 'VetulUltr Ji:u||+ml with -rmn-hl line 
- I lt;> - -Mill \: trulh I I-Miur -1 U>li may Im? mil mlM (Ltid 


30 (WTH 1 W. . 1 / /NHRAUHiY 

kill III* plrillO i*f I lie llin.l- Tllr li'itlnUte beetmie- ilnrk 

between crashed hjcoIh when the edgo uf the rry-i:iU nn* pamllel 

l" iIn* ^ tin-if u*n ilireetiim- A ^1 i-le eonttminn it nmaU rmtmlitt* 


l |s r e-V PcMrair l.he ftrtiumnnav» nf tm< rn>«-liiur* with niitmTih-fi icTm-in* 

rryMiit may he jilnn-d iipnh I hr Itetn in n rnmneiJ niroU and 
turned until it bcNfioraw dark, tf the crowhaira are in ad|mh 
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positions ni nun In 45 r inti rilled in le poeitimir- tie 

jiutnilifr will filmw maxim um illuminal nun 

-1. Iktf l imiting the Vibration Plane of the Lower Nicol *—-After 
I lit- other adjustments have been inadt p the vibration direction 
of the lower Turn] can he (btetmind with either tourma¬ 

line fragments or a rock portion containing biotite fluting 
cleavage. 

Tourmaline i Fig. 26o) has maximum absorption when it is 
oriented with the r-uxis I usual h the long direction of a crystal 
or fragment) in a direction at right angles to the plane of vibrflr 
I ion of the polarizing prism. Biotite I Fig. 2tM>}, on the other 
haiul, is darkest when the cleavage is parallel to the vibration 
direction. Note the positions of greatest and least darkness, 

observing with 11 1 • - upper nirol throwi .. from l hi- tube Then 

indicate cither the vibration direction or the norma] to the 
vibration direction, depending upon whether the did* is biotite 
or tourmaline* 
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BKLUNIV, Jniiy; Tilt 1 t ac nf 1 1n .\pfirm Hull HfMik I ■ Un- 
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( UAjqm, I M . j iii.J C V\ Ma^iiiv: “ llurullinnk n[ slieimcnt MiiTwneufu ” 
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GaOH, EL H-; ' Thi! Mk'muc’opiv" CotnMmck Piibli.Htiinx tVunpnny, hlmou 
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JniiAMNi'rs. A: 'Petrographic Mtttlioda," 2 \\ mb. Mui Sniw-Hill lieok 
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Mahmlall, C\ ti . awl H. IX GsiFfiTa: ^lntraduutbs to Liu* Theory and 

IV' of tin Mii rn-i r>|i*-, fp ttfiuiled^p, Lomlnfi, ID2H, 
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11420 
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opticul Linus: 

Ihiusch and Ivtitnb Optical f'o., Rochcaitiir, N.V* * 

K, Ine., 730 Fifth Avt* , NV« Yurk- 

Spraccr l>COA ! 7» r , lhitT:l!ir>, N W 
! ]j.rl Zci^. I(u >t 4K'* Fifth Ave. f Xew Ycirk* 
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PLANE POLARIZED LIGHT IN MINERALS 
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Polarized Light. — In the foregoing it has been assumed for 
dfe*cri|rtivs* purposes that light may be considered a- wave 
motion, lid' condition ludds lor ordinary while light or for 
moiinrlirnmatir lighl of afiv sort,. It i- also assumed that 
the nbniicmfl take plane in all direct iona around the line of 
tnuntmariem. Under certain conditions, however, the tendency 
in vibrate in all directions around t]jr hue of transmission is 
ninditieiL 'Hid flic usivr-. Income RMiirtrd fur lie most 3 *tart to a 
single direction of vibration. When it- vibration directum ir* 
tluis n&Lrieh-tl. light is -mid Lti be pt^arhrtf. 

i/ation 11 I light may be brought aUmt i 1 several ways: 
(1) by re It-rt ion frmn a polished flirts.; [2) by repeats! refrac¬ 

tion at^an ahidC-UiEOUgh j&ymil plates of thin glass; Clj by 
absorption by ml a in crystals 
Mich a- founualiji^ 01 luiiupath- 
Ite: I) hv -per-jaNy roustn kited 
prism- of optically Heat calnic* 

Polarization by R ejection. - 
Light reflectcd obliquely from 
a polished surface, such jo* a 
table top, partially polamed. 

If the reflection in examined 
through a rotating nieoj pristo, 

1 he field of view 111 l he prism 
will darken whenever the vibration phi no of the nicol b u r rigid 
[High-' tn lie plane of iHhctiou of the polished - ; urJ n-e 

Light reflected and refracted uhlbpirly from mirrors i- partially 
pnhuizts] According to Brcwstor, the pukmation in tin east? 
of a plate is a maximum when thfi directions of reflection 

and refraction are 90° apart (Fig, 4ft)* Wien these two dime-* 
lions .m jji such an angle, the angle r becomes the rum pieinent 
of the angle i, and the formula a = sin f sin r mny be written 
-in t cm 1 = tun t = it. Thus, ui the angle of maximum polar- 

0 ) 




i 

f n = 1 55? 


pj.i.r. 4*1 J'ntnrilatimi 1 1 j l rfl notion. 
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Thin rrystnU of u -tmruilv absorptive 14 m 1 1 mju 1 > h il iudo- 
dnrhoiiidine-^ulf:it< , were described in 1852 I- William Bud 
Herapath, M.D. (Fig* ift). Because of 
their strong absorption in out* direction 
rrinroponding to the behavior of 1 norma- 
line, the crystals were referred to as “arti- 
final tourmalines/' The material wa> 

^subsequently culled hrrapitthih in honor <d 

% hr dUmverer. More recent tv, methods 

*■ * 

hrivi* lieen dcvelnptd for | undue i tig thin 
transparent sheets containing small 1 rystuls 
of heraputhitc in paridlH orientation em¬ 
bedded in a pluottr hinder, The effeei 
correspond* in a cane rnl way to that of a 
single crystal of large area* and a polarizing 
sheet results. Two overlapping sheets of 
this material are illustrated in Fig. of), h : jmi ih]e lo pre¬ 
pare sueli polarizing sheets covering SCV< rul square feel in area. 



I'm- *a ( —Cr>»tJil# of 

hi'l r <l]i>ullitl■- nhfiw lilu nil 

Httni r pi rvi iiiM nm when* 

mdivicJuda irith clirec- 
1 *« m - "I grv&trst j*h- 

M>r|jtiriEi iir ripdit 
arc fiupen m pouiprl^ 

• A.fi*r H* -u/m/fc, I Sad, i 



hu K 50 —Two 1J1-1 n nf her i|. illiitt- ( " Piiluroi.l"'i in iied rm *.*!., t ,lnU‘s 

pht»iD«rnpi|M] with Oi, |.lnrir* r*f r- .[mtolion at right ungW 1 1 Ycm. *> fj,, 
PutarLu/iff It. \fruiru ul tompanif,) 

Up to the present time, bemuse of low absorption in the violei, 
polarizing .dn*vu have not been substituted for optically clear 




H 
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enlcitc in tin 1 i; )c h1 1 1 ri/ing mien ipc Sm h sheets are o Me idle tit, 
Imwrvi'r, lor npiiml dt-mohstration mid for many supple¬ 
mentary tracs, particularly whore a wide hold of polarised Hi'lit Ls 
required. 

Double Refraction ( Birefringence),-—Although polarisation 
mnilttf when Jiglit i- tratuoiuttcd through moat tnuispamit 
minerals, ■ J n■ phenomenon in not ordinarily accompanied by 
absurplioti. Wit 1 1 a lev exceptions, light in pacing through 
transparent minerals h; doubly refracted blto two Win* vibrating 
along twu plain - that are approximately at right angle- to each 
nlher. 1 Tin* applies except in the cn-r uf amorphous minerals 
and minerals rryat a Hiding m the isometric system. 

The most obvious illustration of double refraction and accom¬ 
panying polarization by u mineral occurs in transparent ralrite, 

or Iceland spar. Objects viewed 
through a cleavage plate of Iceland 
spar appear don file; n a cleavage 
face nf eidcile is placed over a dot 
within a circle marked on a piece 
uf paper, the dot will appear to the 
eve as two tints and the circle as 
two circles (Fig. 51). The light 
giving rise to one image will be 
com posed of waves vibrating paral¬ 
lel to the long diagonal; that giving 
rise to the other will be com potted 
of waves vibrating parallel to the 
short one. The two light rays have been differently refracted, 
and the indices of refraction are different. 

Tim cleavage form of ctdeitcy the rhumboliedrou, is illustrated 
in Fig, 51 with the principal avis in the vertical position. If the 
opposite vertices of the caleito cleavage having threefold sym- 
iiutrv m e ground to tnaiiglilar surfaces, and polished, light may 
be passer I directly through parallel to tie- principal erystallo- 
gfmphir axis [perpendicular to {0001)1- The light rays vibrate 

' 1' . 15, Wright Ui*s demons ruled that th* 1 pn-riiw fW-rmimtiun nr the 
inch- herwi - fi the Iwcp i i. s m :i matter nf im refill pli vnicid meusuh'inent* 
In di.Nrus.sinK ihmhU' rFfruriien the umnimi nf variation from fltf will not 
he taken into acreum, mi id the two myn mil he riMi*nlercd in simple terms 
ns nhout ill rifchl fthjden- 



Fiu, ol.—HnuliV r.■ fiLii■ ti.m il- 

ln.4tfnl.iHl l«y n rlmrnl' lit 

tJ AtLSpLir .-I i r. ( ill- Mr -I EriLitnl ~[nu . 
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W*££rffirtfm 


izalion 1 tie* Imigeut of tin angle of im itlrnii (o|naiLn tin index of 
ref i n- run, ni Mm n ’I. i ■ m ll -■ ii ii im i • ii. ■■ -hi. or !■. , u hi i the 
index of ref not inn -if the >uh>tnnce i> known, tin nngb of mnxi- 
imim polarization may 1 m uh tamed from a tnbh *>i tjmgents. 
Tin- angular relationships for a plate n = Lat'j are shown in 

Fit; Id. Mgure 17 is n -rrtiomii view 
of tin oliUfiishionnl pnhiriseope rm- 
I ih i\ i n relief t ion from gln-s pi atm 
1o ohlum polarized light, Tito iir- 
j-trumerit wih if-od before 11 a- token l 
of the i in nil'm polarizing luierosnipr 
itt produce pnhrked light i*«r ih** 
study of mineral plates. 

Polarization by Absorption. Tmir- 
timline has the property uf pnwluring 
polarization by absorption* Light 
r1 1 :ii -t.rifcr- tin* crystal vibrating in si 
variHy of planes is sirnugly absorbed 
except aiding util* plnnr. Am a w*uli 
the rays nf light that emerge -ir*» 

f- C-oxls p- C-axft 






Max 1 - 


Absorp* 

'tiorr 




Gif***\Jii0 -fttf 



hi. 


1",— Polar muilca! tty M-'Hf 
ti-m ill it ] Hilnl iH 414 ,!|h+. 


I 

Smcile tour- Two crystals 

moline crystal $u pc rim posed 

l- j,. is, lhu'ktiP‘n* ihr -.1 ( iii.jj |iu>- 
•lnii’il by iwrt n«urn mtini* 

rry*tnU 


limited t<> tliih [>Li ih- of vibmttun smd are thus plane polarised. 
The erystallogniphir axis r, frequently the long din * lion of ilm 
fTv-fa!. lif.“> parallel in tie- plane of vibration 

Observation through either a Niml prism or another plate of 
1 1 mi msilinr rut in :i similar fashion effective!) n i : 1 1 - the polariza¬ 
tion, tVli'Mi the plane of the itlenl is at right aright to the optic 
axb of (he trnn rti:ihfii plate, the er) Mai appear- dark. Also, 
when I he din elinn> i>f the two tiuperiihpnj-ed umrniuliiu plate-; 
are tit right :mgl< - (<■ ear h oilier, tin overlapping porimn i- dark 
i Fig. ISJ. 
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uniformly about this axis, and there is an aligner of double 
ref met Ion. Thi- is the optic axis in either hexagonal m tetragonal 
crystal* and npnrsni direction with the principal rry-tidlographic 
axis I he r-uxis). 

If light i Kissing aliing the * 1 1 1111 ■ *i\i> is psmmm-d by bum ns of a 
Xinil prism. it is fi hi iiiI That there h rm joublr refraction ami tin- 
mineral appeals ifnMrt>pir^ In uny other direction, however, 
double refraction result-. In t hr liiltrr rases light is pulnmcd 
into two rays vibffit tug sir right angles to each other, our \ ihrathig 
at tight EiigU^ tn ihf optic si xi - , the other in a plane through the 
optic axis. The fanner is known as the onfitutt-y raft; the La Her 



double tL'Iriirhi ii 

is railed the tartruurtiinartj ray. The ordinary rav vibrat-s in a 
direction at right tmgli- in flu* opr if axis and paruljrl to the long 
diagonals of the rhombic faces of il t leavage rlioutbohedron ns 
shown i n 5£7 The extraordinary ray vibrates in a plane 
pas.-inji ihi'oLigf) tie optic axis and :iku puling ihnaigh the short 
diagonal. l:i soim minerals t h. extraordinary my is the fast 
ray; in other- H is the slow ia\ 

Nicol Prism. I he Nmol prisms in the polarizing microscope 
utilize the principle of double rdnict.iqn to produce* polarised 
light.. ( iptieally clear eolrile i> used, and tt prism i- made of 
Iwu parts cemented Together with Canada balsam. 'Hie two 
halves form a prism of the type itluiftrAtod in Up, Si Light 
entering the banc of (Im- prism is broken into extraordinary and 


r 4 : 
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rritiriil angle between the extraordinary my mid halsum, ir 
passes uu through the prism with little deviation* 
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t-axit 


Flu- M. — Tin s*jlnrir ti km mid 
ili’ViatLoti ul litfht in a ■ ■ «1 |hibhi. 


ordinary rays, The extraordinary r:i> ha- un index of refraction 
,, - 1.516 at till' undo of incidence fur tin ptr in; the ordinary 
rny has an index of refraction 
n = 1.658* The* index of the 
extraordinary ray is. close to the 
index of refraction of balsam, 
ji = 1.537. The index of the 
ordinary ray* however, is eon* 
mderalily greater. Both my* 
atrike the cementing plane of 
bnJ^aiu obliquely. 1 hr obliquity 
of the ordinary ray exceed." the 
critical angle between the ordi¬ 
nary ray and balsam. Asa result * 
it is not refracted through the 
lndsAm but i> reflected to the aide 
of the prism. Since the extraor¬ 
dinary ray docs not exceed the 

*■ s* 


Fn;. 58.—Tie. 1 ' t-Uriwnkimiiy uml 
ordinary raye in i ■ Udte < kuvnur 
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ordinary rnys. The extraordinary ra > ha* didox refraction 
ji = 1,516 fit tin angle of incidence fur the prism: the ordinary 
rav has an index of refraction 
a = 1.668, The index of the 
cxtraor<tinary fay h* Hone to tin* 
index of refraction of balsam, 
ti = 1.537. The index of the 
ordinary ray, however, is con¬ 
siderably greater. Both ray^ 

Utrike the cementing plane of 
balsam obliquely. The nbliquity 
of the ordinary ray exei^d* the 
critical angle between tin* ordi¬ 
nary ray and ImlHntn. Vmi result, 
it is not refracti-t l through tin* 
baton i hut is reflected to (lieHide 
of the prism. Since the extraor¬ 
dinary my does not exceed tin - 


FlO, —The vOMirmlinnry ntul 

nrditiAO' rays Iti a nalcile vh>&v*ji£. 


K11.. M, the |jolnriiutlnn Mad 
deviation nf liurlii lh a Nirul pr«m 










critical tingle between the extraordinary ray and balsam, ■ ' 
passed on through the prism with little deviariuu 
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The extraordinary ray L polarissed witli one plane of vibration; 
rfjnH'. 1 M(‘ni!y 1 Hie lighr from the priSttl and i j i;ii 3■ up 

entirely of the extraordinary ray is plane polarized. 

Interference between Crossed Nicols. — When two Nic-nl 
pri.*tus Eire suporifu pitted witli their pin lies of \ ihrutiun at right 
jingles* to carb other, the nicols are said to be crossed. The 
polarizing mieroseupe is normally adjusted %%i1 1 1 I]u‘ Nicol prisms 
Lit this position* the plane of each nicol remaining fixed hut the 
IIPI h"I uieol movable either in o r mil ■ if the tulu- of the mitT**- 
-rope. Crossed nicols produce darkness when the stage Is 
nunrrupieri or when it hold' npijmlb ho! mpte materials such as 
glass nr opal or crystals of the isometric system of crystallization. 
Minerals try - tall i zing in crystal >y stems other than the hornet Hr 
are anise itrm lie and in mo^t 

positions produce interference 
wlora between crossed rural*. 

In Fig. fid polarized light is 
shown passing through a min¬ 
eral plate after leaving the 
lower menL Light st rikes the 
lower surface of the mineral 
plate vibrating- in one plane. 

On entering tin 1 pluU a r it is 
broken into l \\ o sets of rays. 

Bulk sets of rays arc polar¬ 
ised, and light travels with 
different veloci ties along them. 

As :l result* when the two sets 
of rayn emerge mi the tipper 
side of the plate, one si t has 
travel™ I farther than the 
other, and ext ns ordinary rays 
will travel along the same rlireet ion as ordinary rays, both vibrat¬ 
ing almost at light angle- and having traveled different dL*- 
Tanias, Both travel along a straight line to the Upper nienl and 
continue to vibrate at right angles. 

Hie libation f if the plane- of vibration is determined by the 
|Hprition of the minerah If the position of the mineral plate on 
the stage is changed as shown in Kig, oU, the vibration planes of 
the emerging rays are also shifted. 


/’ 4 ’ St 1 .*—> 

B’Jif&T-y nmy 


-py 


‘■ v . 


loirfr rr/cw 

Fm. y>- The vibration direction* m 
ifu> cstj'ftorilmiiry timl ordinary io>- m 
in ;uii~iitrtij>in miner it l tHtum Tinted with 
polium-tl liglii. 
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VTlri leaving the miuemt plate, tin tun rays nf the mineral. * 
Ulld o ill Fig. 57* tuti! imii* Lit the analyzer. 1 li*rf - tine of tin' ray# 
. U broke i inln live i-umpniient- n Mini tic mb man niv i 
bring ref mete* l In tlu 1 side nf rL m ■ ibent, the extraordinary ray *** 
rotithmmg through the upper half nf the ninth Fhr- ^rpriratton 
of tin* rays follows 111© Ham# principle already explained in I he 
discussion nf T li * - Niro] prism* The other r:i\ 0 9 ffOtn the m moral, 

is also broken in In two mv - in I hr analyzer < hi.inpoiienl no* 

is n'llmi ii 1 to t hr side, and 11.ther nr ' ciirtlimies Along 1 hr piano 

ni I In* nniil\ Zrr u ri-nll nf ibis oleelinh, I wo i ,t\> in tin* 

upper half nf the analyai.tr ee* ami m ' emerge as extraordinary rays 


tenets ffteoi 


i awes 


l.2*tr* m 





Kin. -"ill.— A inlfifffttl pt*t#9K ilit- inuTitWi.f- - 1 ^ccv* ibawin# iwvehit poiiitiufii* 

l In- tjrniljiy rrflrH'tilli? rtivs. 

vibrating in the same plonr. Although these two ray- are 
vibrating m I In- some phym, each bn- I raveled a different distance 
Iti L'01lse<|UnrN t tlir tllri mi ill :t pnstEioN Eli inEerh \- iliiiL I In 
resultant offer! produced upon the eye i- an interfoi run* eoTorl 
Tin * interference color produced depends uputi the Saline nf 
the light and eI n* nnmunt of retardation nf our >h nf wave- with 
resperi tn that nf I hr other. The retardation eon he determined 
and i> expressed by the Greek letter A. The value of -i is 
expired in inilliniiri iin- (liiiDiniiths uf a niilUmeh r - md, the 
same units used to measure the wave Length of light. 

The ret uli hi I inn may he changed tlitnugh :■ wide mime b\ 
(If varying the thickness t of the mineral, |12| rhungnig the 
o rind, at ion in siieh a way as to change the indite^ of rcfraethili 
n i and n a of the two rays emerging from, the mineral. I his 
relationship may be expressed by the npintimi 

■i - f(n* - «t) 
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In Hi. equation, t represents the thickness of tin mineral 
expressed in rnillimeler?s n- i> the greater 
index of refraction, mid rq is Un* lesser 
index nf refraction for a particular 
nmtitatU m. 

Phase Difference. The two rays emerg¬ 
ing I'rum the mineral differ in phase, or in 
other words they have a phase difference/*. 

This difference is i*qual to the retardation 
divide! by the wave length: 


BO flO 

frit 

pn 

vtp&er nK0f 


Si l ire ii has just lw’eh shown that 
A = f(n* — «|) 
it follows that 

rj t(n* - »i) 


When the retardation is some whole 
multiple of :t wave length (hX), Hie waves 
emerging from the upper nicol become 
equal and opposite in phase, tie rumilt- 
imt is thru ripud to aero, and the field 
produced ia dark (Fig. 5S), * 

" :2a + 1) 

2 

the i’imL|mi)eiit- of the waves in the plane 
of the upper nmol are equal and mil the 
same side of the line of transmission. The 
resultant wave is equal to the sum of 
the Iwu comjmnentSj and maximum iti- 
tensity results (Fig, M). 

Interference Colors, If the mineral 
plate lies with the plane- of vtbr&ikn pjir- 
nllej ami perpendicular to the planes of tin 
two micoIs, no Itghi piissi through the analysing uiml, ami tin 
mineral in in a posit... extiin tjuti On the othci hand, in 


When the retard id km 


K 






Km, S7.— Sorting of 

nyi liy lb*- MptN^r hm"*i1 
Will'll ill** mruEft , I 
CffOflH*! 
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the mineral section h cut, and the light employed. The ex pin na¬ 
tion of the relationship ill' 11M - i ‘orimi- inetor* involvo many 
nf the principle* of optical mineruhigv li \> desirable for the 
sake of simplicity to consider the variables tme at a time, 

If tlu* i luckiness nf a mineral plate between i-m-sci! nicnls 
ia changed, the orientation remaining Thu same, a change in 


f. 




s I 


s 


& 2 x 

• -Sriron?/ Qr-n'r- 


1 l l i l i i i i i t 


Upper fi*cOi 


A 




no ro uo *k a*c *3* no ew 



Lcfv^ l' r Kiwi 


Hu, (SO*- [ntcrfrrenrfl fotrtfi due In a pnrtfrm of i quarts witi^ brlwtH'ii rmnai'ii 

niE“» fla with white light. 

interference color ensues. One oi the best way* to illustrate 
this phenomenon is by means of the quartz wedge that accom¬ 
panies the polarizing microscope, 

Hguru lift is a diagram illustrating a fKJTtkm of n quartz wedge 
cut along the r*axis and varying in thickness from 0 0 to 0, It) nun. 
The wedge is placed between crossed nimts in a position at 45° 
To the planes of the nicols. In this position it becomes bril¬ 
liantly illuminated with interference colors, ... huw- 
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I'Vrr, pildiially merge iiitoeiu li other and iliunur an utiv uIim 1 1 r- 
difTrmit 1 1nrknrssos Along thi wodgfe. Aiiv ono thickness, 
however, JTiirniJ* i uniform hand of nti< mlar nr 10— i hi* vvidgr, 

I hr kpuirl A w ii Igr >luinli I In- plarril on tin- -I age of tin- mien inn .pr 
arid movi'fi hack nm| forth in nnhsr In nlmma (ha hill mujfr of 
i '«I<«i due tn varying thinking 

Kuril portion of tin w rdgr t* r*til >j <n-1 1 m I la 1 eyuatior 

A * f(f|f “ Mj) 

In tins GftB6 t however, dnee hit optic mm> cd fin* wedge remiiitin 

parallel It* tin- -ittgiy m* — «j} is fixial and i-ijunls IMW'.i \ on- 
swijupiiity. the retardation A varir* with the tlnekneas t. 


a -o 


j = a 


J-2A 


A- 3k 


J-4\ 


QtHTJ-fr 
rij n 1= t?i%>3 


Op/tc erxts 


! m. nl„ Altt'i imi' iWk nml Indn I unit l ■ |ifmiinn-d In liiiniiKtuuniiite-Wit • i h 

n .4 iuMa 1 1 HVi'i’ii rrn— t -d 

V\ lii'ii I \- /.TO, r hr it to 1 la 1 inn in no;. Iigld i- also JSC'rn, and 
ilir field of view i s dark. In white light, when t inttmaia}, I 
definite pirhrr of coh n ~ rn-ni'K Starting with gray mid 
nml inning lhronu.li hltii Ii gray, uhite. yellow, orange, m the 
order nantiM I 1 lit- roloi litrnini* I r i ki1 1 jj; tn tin 1 rye In the 
ilnrkrr port inn of 11n- wedge, however, h- - ■ entrant 
and iii Hedge- several rime- a- thick tin* mini - Ml the think end 
hui'nlLir fitk r 11 ind. - o i■ | ■ 1 Mr.i - 

If thr sourer n| Uhmiinn! inn l- rh i nurd and immnchmmgilie 
li$r| 1 1 i> !Hrd ill the yvsli'in, a different offer t is produml. 'As 
illustrated in lug (it In this ea e, when the Um kiu— m ii. hi 1 - 
Hindi a point 1 11;H tlio i i*t ardnl ioii heroine- • >1 11n 1 In one wave 
length, tin two rmniorhroiimlir waves mv njiial and opposite 
in phase and nullity mi h ntliET, enudiig dark new-. A-* a result, 
dark hands will iicrur at nil points when Tim retardation in a 
whole milltlph of inversely. at lull iMll! Spies of * j\ t HWIXI- 
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[.la' pint e b n it si 1 i U\ cither *dil<‘, 11n* field ol tli* h Upper ninil 
b no kiii^r dark Iml Ixwiiiiom illiunnmUtl with interfiTruiv 




ncgt 



ee-oe^ - 


Nfco! 


i 




nx 

I 1 ' t u . ijfi E l ■■"ill it I in it n I 
WttVO* ill uptwr IlH'nl (nr 

r>'t !*rii«ti»i+i nf tviivi- 

■! Dili.ijjlf* 



f’JiL n'J. Hi'huiliit i i > 11 nl 
WSIVtHi 111 Ct|i[ri l 1 Uirol tl" 
r+'| ;ir iI m tinn of i>lie-lnil( 
W lit , liMkflih mill II i lilt I I-li- 1 


eolois, THe 'liti-iI'l-n'ii-T- rolcuv vnr> with the lliirkiie^t of till- 
min'ml seeliifU, tin nature of thr mineral, the way m whirh 
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mum intensity will occur, Here the two wave- are equal and 
in the same phase. 

The interference rnloffH due to white light are :i subtraction of 
silt the various wave lengths of thi i h par tram from white The 

metluxl liv which the various interference color* are related 

*• 

to their iTinihn hrouutlir rniii|<nm>nls t> illiL-tmn A by Fig. 
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'USC^M 




ir^veti 


I'Uj. — Tli*.» MluliunUhlp I hi" 1 wwji iutvrfvri'W-v rultitii due *•> im nuK’hn unnrir 

lljlllt *tnl return it Up- tf! white K*b< 


The various roonQoli.ru unit ic beams, oil passing through a 
wedge. produce dark hands at different thickiieaaee* likewise, 
maximum intensity oeeurs at corresponding intermedin!* inter¬ 
val- Tim different 1 between the wave lengths at the opposite 
end of tin- sped rum is such, however, that the first dark hand fn H' 
violet occurs almost in the first position h T maximum intensity for 
red. hoi violet tli+- hand is approximately 110 mp. Smro the 
wave h ngtli for ml is uhmit 7<M1 niji, the am vi mu in intensity for 
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j-ikI occurs jit 3 Ail rug i 1 jX). Whim i Ho th irk urns and double 
refraction an* snob that the retardation equ:d- • 1 mn, no violet 
i~ pn *cni In Uir 1 i'-ultfiui iiitiufcrcnrc rtilnr The percent ngr of 
nuiMiiumi in f rushy for ml lit tin 1 same time is about 83. Since 
tin 1 maximum in! easily fur red mnih at nr 3'id tnjq the per* 
a n I np intensity sit 110 in^ vv»<u h I hr 


2 Wr \v) 

\r 


X Old 


2(7Hd 


7di| 




S3 per rent 


If ill- W’iVr b ■ 1 1 LI 1 1 1' ill! k 111 >V. I . it h ptH-dlih In compute t hr 
pm'a mimic nf nri> given momiHiromuf i< light present in fin 
interference color t .1 n given retardation 
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Application of the Color Cimri to the Study of Minerals. The 

hftrrfrrrnrr c trior chart is couatimt.lv employed in the study of 
emi'Tills by menus uf polarised light. The rnadmum dm l hie 
refract ion , or the greatest difference between ; and m, is 
approxinmtt■ Iy constant fur a givon mineral. If thfe constant 
snlystitutcd in the equation A = tin., — a 1 , a straight-line 
mn 1 Is lie ti suJt. In tin 1 rase of quartz, fur example, 

(h 3 — n 1) = 0.009 

If varimts thicknesses are assumed, ti< tthovni in Fig. (i 3 , the cor¬ 
responding retardation A imi> lie determined directly. If the 

normal seque. of colors fora given retards.! ion is known, it is 

1 ■-iblr eit her to predict the color of quarts of a given thickness 
01 1(1 t< II ihe thick tics- of quart* having a given interference 
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color, provided the quarts i> in nueh a position that n s — ni is n 

maximum. 

This rriat kinship hot only is true for quart*but may he applied, 
with tin* exception of a few specuil irntlimnw In all uniscif ru| t\r 
minerals studied will] t hi ■ petrographic microscope, ‘I In- ruloi 
chart (faring page Ifili) give* the lines of maximum double 
refraction for the common minerals. 

In the color chart interference colors with A le-s than 5511 tog 
ale said to helong to the first order. Violet l A — 5511) belongs 
at the boundary M the first order. Hits is known a- m Hxitivr 
rutlit. .-iniv a -niiiII change! either ua> pi-mlncc.-. a decided eulor 

difference. From violet A = 550 to violet a = 1128 the eoloi a 
belong to the second order. From violet A — 1128 to violet 
A — 1052 they belong to 1 he third order. Above the fourth 
order colors are not easily sepaniUxt The colors ul the end of 
the first, order and the keghiuiug of the -croud are the meet 
striking ami brilliant. At the cud of lie fourth order thc\ merge 
into each other, forming tints of giwu mid pink tending toward 
grayish white. These color* are quite distinct from the blur? 
gray, white, and yellowish white of the lower fir-1 order l mei- 
taint.v concerning the order of a given color may l*e overcome by 
using a mica plate. The mica plate is rut with -turli thickness 
that it increases or decrease- retardation of a section by about 
* 4 * (sodium light). 8uch an iucnrinw or decrease in the tower 
first or second orders produces a set of colors entrrch different 
from Unit in the tl9C of a *iitiilnr change in higher older-. I m 
example, in the rnm* of first-order yellow A = 400 mg, an increase 
in A of 175 mu will result in violet A = 575 nm, itml a decrease 
of the same amount will produce white A - 225 mg. The same 
increase or decn ase in retardation above the fourth order would 
produce little change pt rcepl ible to the eye. 

Determination of Retardation with a Berek Compensator. — 
M Berek ( HI 18) described a rotary ridrite compensator of simple 
mechanical roust met ion. A ealeite plate QJ mm, thick, cut 
normal to the optic axis, rests on a rotating axis in a mend huh I 
similar to the frame usually u.-ed fur the gypsmu and mica plates. 
The frame is held fast in the accessory slot of the mierosmpe by 
:i Spring, The rotation of (lie compensator plate i- regisl iTtvl 
on a graduated drum attached to the uxfo of rotation. The drum 
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in gndutsd with e vernier reeding to tontb and may be ndi- 

bratod in degrees. 

Ihe plate in the compensator in held in u smiill ring that 
moy biMnudly removed, mil i plate of different thieUm** may be 
siilifititiitt'ii Tin mnee of Hie pin!* 1 urdimirily employed movers 
retardations from Kero to th» fourth nrdei 

The JiM- of rotation ot the rompenHatoi is arranged diagonally 
to the pohiriantiim planes of the two mrnb, If the plane* of the 
i lieu In are north-south and rOHNwest, the tube slot holding the 
compensator will In- iiort h west-soul h^ast . The compensator is 
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c r c ! 
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Fin. til. l lu- vibtiiUnu dif. ^li<nm and itinvi moul n{ tht* eulur mi^ in ihr I'n-M 

hE tli4* amUr wlipn inung the Btjn*k rompouftatHr, 

marked with two arrows! H| # parallel to the axis of rotation or 
along the EieecMun slot, i- the s|ow*rny Vibration direction; II , 
at right angles to the axis of rotation, indicate the trace of the 
projection of the plane nmraining the inclined c-axis of caldte 
and marks the fast-ru) vihmtiun direction. 

The compensator is find sen with the plate horizontal within 
the frame uod inserted. Between crowed nirnl* a large dark 
fTOSB will appear in tin field When this cross coincides with tin 1 
crosshairs of the mierofloope, the compensator is in the leru 
position face Fig i>4), If the eoni|renaator drum is then turned 
either to the left ur to the right, the various orders of interference 
colors appear in the held : n a sequence corresponding to The 
order of the quartz wedge. 
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The rompriiHiil-ur nmv In* used to determine the retardation 
uf it mineral grain between crossed mjeulu a- follows: I Im* grain 
lit question e moved 1o Hie renter ul the field and placed in the 
* 15 ° position with tin- >low-eci\ vibration direction of the mineral 
parallel I o H = t if r I mi minpetlbalur Hie ruin|J*n>iitor i- then 
iuserti'd and minted Brnl to the right and then totin' h ft> slopping 
in each rase when the Intelfercure color of the mineral bus been 
rornplelelv reduced to extinct ion. The measured (lift Truce 
between the op[*os]te readings is divided by two and the value 
inserted in a aunplu formula supplied h\ tin- maker- of the 


!v 


s 


y 


l 


8 


7* - I '>7H V 1 ' 

( I 3 4 9 t 7 B f 


Fus- iVif-iiiiiiisiiiii»ii. thu-km** <4 *M.-U'<h ijUiu-Uite. 

instrument. Solid ion of 15 h - furmu hi tin 1 correct retarda¬ 

tion for lhr mineral grain. 

A view of the Derek ronipcmsator is shown in Fig. 17, Figure 
1 1 1 indiiat > the views obtained in the* microscope Field with tin- 
eompensat^r plate horizontal and rotated eitlier to the righi or to 
t hr left the verlind flection* ill the lower part of Fig. 64 
indicate the iiiHirinthm of fche e-nsis, and the tipper diagrams 
represent eottesj Hindi tig ndcrareope fields. With moniw’hro- 
math- light, light ami dark hands are prod mol on either side of 
a central cross* \\i t h white light, the hand - on fit her -oh of the 
dark cn — indicating the zero position are vuiuml. 

When the com pea sat or is inserted above n doubly refracting 
crystal in a thin section. I hr dark cross disappears As the plate 
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it* rotated, however. Mu 1 Milerfcreru'i 1 culore nre changed until 
complete compound ion occurs n> mentioned above. 

Determination of Thickness of Section, t **t n* suppler ihui 
Fig* i ■f» trjm^iMi e, s a thin seerimi conuiLnhig numerous small 
quart a graim in random iari**titutir»n- For gnirpoxs of illus¬ 
tration wu shall rwYr to grains 1 m <i inclusive along the hori- 
Kimlzd {Tuttshaji in the field iif tlit* mi(‘r<These grains are 
oriented it Ik their uptir axes ly mg in the posi (inns shown in the 
sectional tiew. Most Are mcliind; on nsionnlh a few are vertical 
and a few are In-rtitJ »ei f :il Tin I nn izt pil!;J axt^ rim ill 11 ■ i mtm I 
position Tii provide n maximum value 1 nf |w 3 — rq), Since till are 
ol uniform fhii kmsr., rim grains with horizontal axes will show 
Ute highest order of interference color, which is likewise t he inti i - 
ference color with maximum retardation, In any section of 
uniform thickness that has a largo number i if graiiw, as in Liu> rase 
ilhi>trat• *J, tin* grain- giving the highest order interference rulm* 
hs observed In metiiifi of the rotor chart will be grains hi a position 
to exhibit the maximum (a* — nj. In theeanteat luuid, grain-1 
is mi 13u■ correct position,. If grain 4 idmnld >lmw an interference 
i-olui «*l si rav. yellow, the t hick ness of the section a> determined 
I>\ ili< etilur chart would 1 1 * 1 0.03 imm Other int.erferenci? colors 
will be shown in the thin section, but only those with an approxi¬ 
mately horizontal position will l*c jis high in the firsi order as 
>1 raw yellow* 

In any thin section, if sufficient grains of a known mineral are 
pn-'i*nt in random orientation and the highest order of inter¬ 
ference eo|. j eiiii he determined, it i- jwissible to ascertain the 
thickness of section liv n-fere nre In I hr ruler chart. It is also 
possible to reverse the prnee-s if the thickness I- known And 
dctennrtjt the double ref rue lion of :m unknown mineral. Like* 
wise, in a slide containing two or more inriiiTuls. *>m of which is 
known, it i> possible tii determine the thickness of the section 
from the known min era I and determine the double refraction 
of 1 lie unknown mi lands frmii tin' del dimmed ihirkiiftss and I he 
observed interference cuh its. Tin so considerate ms an- extremely 
usi I'ul In studying mim rub with the polarizing microscope. 

Direction of the Vibration of Slow or Fast Rays. It is fre¬ 
quently important 1o ascertain the planes of vibration of the 
i wo rays vibrating at right angles in an anisotropic mineral grain. 
The two rayt have different indices of refraction, the one with 
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llur greater index I wing tlm slow my and the > h i ^ with the l< r 
index, the fast ray* The determination of tin? hoi- Mini -low -rnv 
directions is uccomplished betsveen crossed nicols, the libation 
iif the two rays being established hy observing tin* position of 
extinction. When the mincntL become- dark, the vibration 
directions of the two ray- are pniilhl to the plane- nf \ibmljnn 
Of I he Ntrul prisms. Since llie planes of vibration of the iilmb 
arc parallel to the eruMhaln in the ocular, lie* vibration planes 
in tin 1 mineral will also be parallel to tin- erosslmim when in the 
extinction position. 

A mica plate nr a gy-psiun plate is used to tell which tif the two 
rays is fast and which is slow., Win n the positions of tin vibra¬ 
tion directions of the rays are ascertained, lie 1 mineral is fumed 
from extinction to the (ci-ilion of nnivimum mlerfemiee, Next, 
either the g\ puitn or the mim plate i- inserted in the tube of the 
itijrioscope with the a low-ray vibration direction parallel to one 
of the vibration directions of the mineral* If the order of color 
increases, the parallel direction is the slow-ray vibration direction s 
of ihe mineral. If it decrease-, the direction n present^ the fast 
ray* One dini'liun being known, tin other Is the opposite. 
The mica plate i- usually used foi minerals vvitli wink double 
refraction, and the gypsum plate is employed in the rase ol 
stronger double refraction. Whmi the mineral lias very strong 
double refraction, a (piartz wedge min be used, Since the 
quart a wedge ’ arii - ill retard nimn from zero I-' the fnurtii order, 

31 variety uf colors will Iks produ.. 11n - lor at ft particular part 

of the wedge depending upon lie iliii -km^. When thefikrw i 
coincides with the dew-ray direction in the mineral, t\ correspond- 
mg roinfoiiernuiit in retardation will on-us- 'Thus The roW of 
the i nine rid will .suddenly change In n color higher order, 
dependent upon the purl ion of the wedge superimposed. When 
the dmv-m> direct inn in 1 hr wedge i> opined to t he dmv-rnv 
direction in (lie mineral, suhtraelion occur- 

Extinction,—When u mineral plate nr grain or it portion of a 
doubly refracting crystal is dark between crossed nieols, it is siiil 
to Me iu the poll ion of extinction. Frequently minerals have 
prominent cleavage linen or crystal boundaries that enable one 
definitely to locate the angle at which extinction occurs with 
respect to the crystallographic live- In the absence of a refer¬ 
ence Hue, tho extinction angle run not Lm * determined. 
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Pnrulltl Eititt/tiwn—Y reqiieiitly mineral* Imvr a single plane 
nf ek&vags* The tractw uf Ihc cleavage plains appear in tliin 
ns irregularly sfHLcrd j Hint lie I line*. If the mineral 
becomes dark between crossed nirol*. with the cleavage parallel 
tu thv vibrdthm direction* a\ the two nirols, the extinction 
is said In he parallel 

A number of mineral* rrvstidlij&e in *\irh u wav thal section* 

«r tr 

are elongated, square, nr rectangular. Square ur rectangular 
cleavage patterns may also lie observed. If thine minerals 
Income dark between crossed nin»ls, with the cleavage direet iuna 
parallel tu the vibration planes uf the dicuIh, they sire saul to 
have parallel extinction. 

Exh'nc /;nrr 



l<A 

^xT~ 

Q\ 



Paraffef j 
vrffnetton j 

fnefinea 
extinction / 

Symm&tricnf l 
extinction j 


p|(l, <i*V,—RrlntiVf pdRitinru nf nn<! U>a.Hl illn rm»i :U n,r* (II L hh Imm-4. 

niul •‘>-innn'*trii , ttl i^xtifirtiiFii tu* v,h 1 WfwwII rfu»**'d iif"' 

[nrtinrtt or Ohtif/ur Hitifirtinn. — Many mineruls extinguish 
between crossed nicn]* when cleavages or crystal boundaries 
lie at oblique angles to the planes uf vibration uf the two imols 
The.se are said to have inclined extinction, 

hi this ease il in necessary tu know the position of either the 
fast-ray vibration direction or the dow-ray vibration directum 
in the mineral grain* The extinction angle is usually deter* 
mined iti terms of the slower of the two rays, or the one having 
the greater index of ref nut ion, The nature of the two rays i*t 
determined with one of the accessory plate* uf the microscope. 

Several different angles "f extinction are usually observed 
for the same mineral in a given section, ns illustrated in I ig. 67. 
The rmnimuni leading on the stow-ray vibration direction with 
the plane of vihration uf the analyser is a convenient value to 
determine. In the caw* of observation with the microscope, the 
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i.,j. \g rotated until the tnineral Iks in a positionof extinct mu 
Tin* upper oieol then pushed footir side, and the angle I jetween 
tile vertical iTuH.diair (parallel tu tint' of tilt 1 tlikb} anil tin- cIimiy* 
age line nr crystal Imundiiry is determined hv readings on the 
graduated stage of the mie* usctipe* The nirols are then ero-wed 
again and the crystal turned to the extinction position, the angle 
being measured, Next, the direction of vibration of the slow 
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Flri. 177. Diftftfftffl illioOaUlMI Van- -lit* poiUtidUt *>i an rlrphitutr^l mirtrtnl with 
ft maximum fxtincUon ftncfo of 51* <tn tlM- alow rny ** (* mimUt mu^r in \inn 
«?rrin(K 




l'ni. C(S. Hura1)lvti>l*‘ fit l-'in. 264fj 
in rhf ]>oiitton nf maniMUiii ririnHinn. 
in'OrMB rtrfMKMHi nimla. 


f ro. fiS HiMtunInTgih “f Mir, 2\hb 
hi ttr^em . rn^5c ! nj'v-Js in thr jnwicjmi 
>■1 in i\niuirji i^ruL. non 


C A z = -,w 6 . r A Z = -4& a . 

ray is verified hy using an accessory plate. A scries of readings 
should be repeats I with different crystals until it seems certain 
diat the largest ancle for a particular mineral lias been found. 
When the Eiiigl< i> determintid* it IS Uece-sai v to o h i I n a descrip¬ 
tion of the optical direction- in the crystal in order tip ascertain 
the proper reference plane for the extinct ion aiiglc. 

The mineral descriptions in Part J[ of this text include the 
angles of extinction, The angle Indween Z and the r-nxis of a 
crystal is frequently rceurtW i*uur Z is a slow-ray direction 
and prominent cleavage* or crystal boundaries art-often referred 
to thr e-tucK it is usually possible to interpret the extinction from 
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tin nrnMatioti diagrami Figure- (*« hikI Mil furnish illn^t rations 

uf surh iitirrpn Tminn- 

SjtmHt* trintf fCftwit'tiitn. \ uunibor uf tmijj-ml- form elcitv■ mc^i* 
jmHrms or crystal* with rhombic nnv- t*eetinns. In many 
iii“l:i!if>- i in-i K eom« dink bi-twecn ■!«<•— rd nii'oK v hen the 
plains of vibration of tin- iiKdk nn parallel to the diagonals 
iif flu 1 rhombic pattern*-. Kxrinetlon of this Iy |»e i- deserilieri ns 
t*yninietricnL tfevi rnI miixndh forming irystals with square 
outline* iriitv also yiHd -ymiiLi tiii'-ii exiinrtion. 

Elongation. < JnarsitjnrLlIv rryatfLl grains develop nilti art 
eliiiigjited 1 Milfind -1might lodges These mnv Imvc a lathliko 
shape under the microscope, may reBCmhle small needles, may 
occur in long crystals, or may show several ot her shapes of 
similar devetuptnent. 

Wb f*U si.jrh crystals are anisotropic, it is possible to determine 
t hr fast- and sluw-mv vibration directions with one of the marked 
uccesson |flatus. In raw the vibration direction of the slow 
ray of the crystal is parallel to the long direction, the mineral 
is said to have pQtilmi rhyngution* When the vibration direction 
ni ilie sjow ray lies arm-- the m-stnl in the short direction, 
the (iilneml has negaiivt ihmffation. These two term* may his 
stated briefly an topth-stow and length-slow indenting 

that the vibration duvet kin of the slow ray U parallel to the 
length of die crystal, aml length-i'ant indicating the parallelism 
uf the vibration direction ..if the fust ray. 

Anomalous Interference^ < uvji don ally minerals normally 
Offinilticil to be isotropic beciiruc aiUHtilropit afid glVC bterfcreftCC 
efforts between crossed nil oht, The abnormal piodurlion uf 
irderferi tu e colors often of a Imv order is culled <tnafwttv\t±. 
Figure 121 represent* a 1 hin section uf garnet that exhibits sym¬ 
metrically arrang'd bjinds oJ bib iTerrntv mlois photographed 
between t roused eucoIb* X-roy studies shew that the same garnet 
i- si ill i^uiuri lie in en^tallUetiun. so l,hr colors are truly 

Ar t Sr 

aiiijHidf hh. 

Interference colors and slrurlural pot*t<-m h may be produced 
by si rain in die crystal* According to t>ookes t the great 
t ulliaan diamond, measuring almost I tit, across, exhibited 
pronounced antsotjopi-m due to *t rain. 

Mocmse in thi t i section often show* an unustlftl sequence 
nf interference colors, Berlin blue pmUimiimtlng. VIthough this 
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miin-Tat iss (H m^ninf tuid inumallv duuMv ivfrnHing, flit' mter- 
ii ■i-p’iiiT colors do not follow the rulin' ^ 1 hnrt m r hI urr ;i ntinuilim^, 
tliimKolruti*, zobiU*, hnirile, ilikI inline vtirirUrs uf rhlnrilr 
furnish othc-r exuntpli s 4uniMitkifiie miitcral- Hull yk'M :* 1 m mi— 
zlIihih iiiterfcmiti '•• 1I01 s. 



I'hj. “41 I*i 1 ii'It Ihuuhi rrn-.Hiul nirol- nf rqnttl Interfpronre ar^im in 

,-i ...I bnkiillnt mtt in iIu l fora) of a mnnuuml T :md pi anvil tuuUr jtftimf*. 

f t tmi-trlft Ilf rh*ati f'bltti* LtifMtmlitrij, tJf of Vic it Ktitfn an'rii/ Vftfo mUiri 

1‘triifrniiu; phvttftjmiJ) inj ifni/nn*ntf ft, .\tintftin, 

| ]i|N;il iiOriiiNvniv ann- an- J ivijirrnt |y prod.id in i-mtmpir 

hnkrlitc through si ruin. In \ 'm. 70 a port it m <>1 a .small Imkrlitr 
frame nit in the form of 1 % S' 1- ^hnvvu hotwi^ rn>ssi»il nit tils 
The T would Irnve u sluij h* iUtiitistod by the insert, tin- portion 
photographed h<-imr minimal b> tin- dotted lines, The plmtu- 
ICruph wus oh tamed by utilizing inumirlmminf ir (jri’ril 15-101 AT 1 
in the mermry spn r i him. 

Suggested ttefercacra 

Hr.iinc, M.: Zur Mi fune 4» r 1 MppHhr*" luin^ I «■ 1 1 pil-.:n-hlin 1 1 mil HiUr Ta 
Pn-lfirtHHi inruunikninkefiN Gr/uff \tmtnit., pp, IH7 1113i 

Bovas.sk, II : ()ptit|ua crUt&ll uh dmiMi' rrfriirtion polltimtiCktl rectilijpiO 

■lit L'llifitiijik', 1 U27>. 

DaltdEj “Theory of Option,** lum*. by M*mi mill Millikjiie hitiit- 

mans, Green A < mu puny, N 1 ^ York, 1023. 

Ghoth, P.: Th-' Optical iV'p rind t sysiali," tmn- by R K. Ja e k hon . 
John Wiliy A Inc., New York, 

Haktkhohxk, N*. H„ tmd V. fvri-AHT: "l ryauh wul Lin hlirkimi Mfcre- 
Armpit,” Kdward Arnold it i n,, London, 1934. 
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< "iimijic!oy ( Int , ■ M.*l* .. \ auiniimry liftin’ i irnm> ty|*-i of )Hi|iiruiiie 

prbtiin will hr found un p|i. 15#! 175. 

M .u ( 'ullauu, J \ ml- : ( ‘rystallinp Reflrs.ton and IMmriwin, Tran*, Ray. 
Jrinh Iff!-/., viil, IS, pp, 31 71, 1*37, 

MtKun, II. " jUiriottilnisy," 2d i-iI * n'v. In II. 1 . Mourn mi Mm Million A 
(’mitp uij,, Lid , l oin inn, 11*20. 

Si■ it(“ivi j-.M, V , and I \\ . .. -i r " t liv.. r > oi M iptii-- I U p! Vmolil 

A (V, Undcm, H m 

ii mi\, ,V K. I! : "I ryj4uMi>urapliy and I’r&rtirnl f'fystal Minsiimnpnl, H 
2d fldL, ViiL 2, Mitonullan A < om Ltd., l>»ndori, 1**22. 

\\ i.inw ui-jS'k. L t ‘ " Pel n*Kru|diji’ Method*." tmtw. by IL W. t Itirk. 

McUmw-Hill ikmk \ NmjMUtjr f Itw , Nwm \mk, lUl 
^VivniiJjj., A. X.; "KlrmmlM id Upu. I Mini'mlc/gy," flili «!-, Pkrt 1 : 

I'ritM’iplc" n mi Method-, John W It’i A Smri I ini-, V-« V*rk, MM7 
WttOKTf W* I'- : Tin- TriN-frii>h|nn of Li|»ld through Trann|iarrnt liutrttvr 
C nil’ll P|iib * i’lc. tm Jam Sri, v<*\ 31. gip 1-77 211. I0H 

rim 'iu 1 3 1 ’U 1 j* n*fi*rni| to rnmmrnfl- by Tntnd1 anil Mo rev retarding 
port ft in fumhi mental optical properties, dm M intralog. t vol, l?, pp, 365- 

m\ uraa 
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CHAPTER VI 

CONVERGENT POLARIZED LIGHT 


General Statement* — 1 b> len> rntiihiimtiun iisrd m th* 1 micro- 
Frope for diUi/min^ inti-j' iVrvutr figum* i- -u:i!|\ dfsmlp'd ils 
eonosieopie. File mull arrangement produces iatecfcrcsioe fig¬ 
ures visible in the field of the ocular. Spell figure arc pnrtk* 
tltarly ttRrfttl ter determining the optical directions in crystals 
I lieir interprHiitifm involves tile principles outlined ill the pre- 
mhng rhaptCF on polarized Hghi, eondlined with an under¬ 
standing of the crystal Illation nf minerals. 



hia. 7 L. Ct»i j vrrtftat Wv&UHHi by th» frttiu W of the Penckm 


In obtaining interference figure of .mull crystals, it is nwesanrv 
Wxemse pwticolw care to have all of the element- h, ti„ 

; ,pr ;7 Ua,, ‘ aHp,r,| am I ... .terad. ft is 

b«t to u* ji moderately high magnification, preferably a 4-mm 

an!) l m rV a,<lM,U8h ™*' mui 1* sum,•time, satiafortory 

. h * 1 "" rv “ Sllv "HHiipnletwl. The tuiviltarv i.m.Iemw 

JZ * the u\is of the mic^ Z 

* B 1 VJ* l< ‘ ,,s ,lf tlM ‘ throws =» loiircntrated 

convergent beam against the mineral pUte (Kir 7li 

jir:;;,: 1 '! ^ 

1 »nwt ii nl the lower component of the comicnaer Tin. 

-or si. 

m 1 nRua A Bertram! lens is inserted in 
86 
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shr tube i.i f the rnicroMope altove tin analyzer. This lens bring* 
the image erf the interference figure into focus on the focal spot. 

<>f the.ular. The figure then becomes visible to the oliccrver 

through the ocular < iii-4 figun-* • T small si£e can be obtained 

by removing the ocutartwd not lining the Bert rand lena. A Mack 

disc with a small bnh in the renter, or any one of several sjipli- 
Iiirrs eleflignod for tli]> lMjr|H>^e. nun be used to replan lie ocular 
when an interferes figure is obtained without the Bertrand 

ten*. 

Two types of interference figures am given by stifcni rtjpic 
minerals: uniaxial and biaxial. Minerals crystallizing in lie- 
hexapnnal and tetragonal m u ms are utihtviuh tho-e rrvsiiiljiixiitg 
in the nilhorlioiiihie, rnoimclinh and tri clinic «j st*-m- am biaxial 
Tbr dilTen'Mir boiwvcn uniaxial and biaxial minerals is funda¬ 
mental ami is dm o* tin- arrangement of the atoms >e* up in 
ory^tallimmtn Occasionally biaxial crystals have fiiHi a small 
axial angle m jn ftW tr uniaxial, :im 1 conversely on certain 
occasion^ iiurnuilh imiadtd - [ v. ^t :il> tuny become biaxial because 
of strain. Such variation* dumb! be examined u ith caution 
whm encountered, yei they netd m»i disturb the student's con- 
tiijeuee in I he interpretation that tetragonal nr hexagon d i n la¬ 
me uniaxial, where;*’ turn "elmic, orthorhombic, and iriHinic 
crystals are biaxial. 

Formation of Interference Figures.—( onvorgent light ; o-mg 
through a crystal plate causes variation in retardation between 
crossed n irols. This ariation in retardation has many points in 
<Diiiiiimi with tbr \arialioit in retaiilal inn iibraim-d with the 
quartz wedge, ns «horrified in the discussion of parallel pdtfitjj 

light The ruse of the quartz plate instead of a wedge and of 
convergent tjohtriznl light instead of parallel polarized light 
produce* interference colors dependent upon the convergence nf 
the beam. The varying angle of illuminatum of tin oblique 
rays result in varying values of N; and ilj for u doubly refracting 
mineral. Varying values of n- and ft lt in turn, cause varying 
nd a rd.il ion. 

When n rjuarU plate h being examined the most striking 
interference effect occurs with the optic axis of the plate at right 
n udes b' Me im -'i u-, *-|ie -ts^e The -iuim f 111 u I:i n M it ;d « m h i - 
atmns that, have been demonstrated to hold true in the ca*e of tin* 
wedge also apply to the piste. Here, however, the thickness 
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remains const hi it T and till' double ref ruet ion (n* — «>) varif*s 
with iln* retardotioiu depending upon the direction The ;mgh 
of incidence on the quart96 plate due to the convergent beam 
i employed varies from 0 at the renter of the field to a maximum 
on either edge. As a result, t he difference (tis — »t) also changes 
from 0, at the ernler where the incident In mu i- parallel to the 

Pafartztr 


'' 


\A/jmSyz*r 


% 






Co he j>*/j 


Fitj, 7 ^.— A niiiuiiul iiitrrfeivrin' HfUrt; lu-iLina 4 «iwsi i,ri &11 n^tlc a.vin T 


“ Va V-.. 

O. 




t,' 




r ^. , 



90° 

Kiu. 73,“A biKMal inlerAtiwaw 6pn in 1MJ* and 45 p poritkiM 

Optic axis, tip eotisidembly greater values at the edge of the field. 

Darkness ,ir total *'xline1h.+ eurs at the renter of the field 

and where the vibration directions of the inserted phife an 
parallel to the vibration directions of the nie<>K igniting in a 
black cross for quart/, The ex pi an at ion lie- in the fact that 
convergeul light strikes the siirl'aee t >f u mineral plate not only 
along a straight tine, as in :i tfcclion of a quart/ w« dge illuminated 
by parallel polarized light, In it also radial h around the centeft 
Consequently■. vibration i lil net urns will he arranged tLiligelitmlh' 
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md rrtijj l 11> thioughoul MAI of rotation. a result, vibration 
direction- of the ext niurditilliy and ordinary rayfr fmin the* plate 
will li*“ parallel In Un* \ilimttuii pianos uf the nicob? in certain 
dins dome The *u<■ directions an- direct irim of extinct inn and 
in geiteml uniaxial minerals form darkcm-- mm* ■ Rg. 72), 
In hiaviul minerals I tn* pod Tunis <rf extinct inn show greater 
variation, and the mterferenwt figure is im lunge* 1 a simple erotw 
hut rb&up - a- shown in I iu, 73. Tin differ ni ordorn of color in 
ih. field are arranged is < jneeiifrn circle* around i he cenlri of the 
cross . (Hliffr factors remain mg tin same, the number of color 
hands ubserved in n purl irulur field e dependent upon ilie thick- 
lie-- uf tlie plate Mild the double refraction of The mjltcmh 

MoninimuoMtie light product - altcrnat'- dark nmj light hands 
in interfere figure The dark bjuuk correspond to retarda¬ 
tions uf n\. and the intermediate maximum colored baiidtt 

+ i )\ 


rorriTttjxmd to a retardation of 


The rchitkiudiip is 


dinihir i>i that which r+ -mlt- when nmm achromatic light i- parsed 
thniugh M tx w<dg* The culurs in interference figures 
produced hy white light are actually a etimhmatmn nf the differ¬ 
ent moctochitimatk wave leugtlis due to the varying oblique 
angle uf il hi min at ion. Tfib is analogue- to t lie interference 
color chart where whit** light : i -illC - a> a sumiiuilnm <tf the various 
munoi-hmmarir wave lengths due to variation In thickness. 

Uniaxial Interference Figures. Hexagonal am I tetragonal 
minerals yield the charnel i ii-lir ftxid tuOfft uf a uni axial inter¬ 
ference figure wlie.ii viru i-d in the direr! inn uf I lie optic avis. 
If the optic axi> of lie mineral tlu same in direction as the 
ciystallographir c-axis) rniuridc* with that of the microscope, the 
ii iiifivi llI figure will lie s eiit- 11 d with the two anus crossing at 
tin intejection of the crosshairs in the microscope. 

However, if tin oplh isis i' 'me tined to the avis of the tuiern- 
mu|+i\ the | m ii ill of in T i i -eel ion of ihe nos- joins will fall away 
from the iotcrsectioa of the cromhairs. It ftagurnily falls uui 
side the fit-Id *>f Ihe micn>*en|H\ tf the center uf the nvtul cross 
dot- not eoim idc with the cenlei of tine field, Hu? |mial of inter- 
sect inn ul I he arm- will in-e aiound the crosshair int c meet ion 
when the stage i- iiihm-d* describing a circle and returning In 
it- original after ratal ing 3 fiO a . The intersection of the 

*-ro-- arms murks the point of emergence of tlie optic axis, and 
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it' deviation from the renter of the fir hi is a Du-asum of the angle 
between lhr optic axb am! the axis ui tin micro-cope. 

Although uniaxial figures are frctpiently recent rii in position, 
tb© cross arms remain parallel to the planes of vibration at the 
uieub Biwau**- uf (Ids fact the arms swop 1 lie field first from 


JOu 71 ( hltm;i| uUKtUtcuO' hfffH'C ill UCWTlO'il? fM'Mltj.criS' I inVt'<\ Imn 

11 n|ii~3itr*~ ilir funvcfnctfll of Thr tigUTO WtDIUld t hi- i\v\\i m| I In* inirr«ifttippi f%» ■ Im-- 
-iiitui j h me amt. 

one idt\ then from ninilht i m- the stage U n duted 11 is impor¬ 
tant to note whether the arms remain puralli I to l hr crosshair-, 
dun arm- in certain liiaxial figures also tin* fit*1*1. rut* 

latter tin tain, rd or crescent shaped. however, and swing mm-s 
1 he field ml her than swis-p parallel to tin incut- Several 
recent Hr positions of a uniaxial figure me shown in big. 71 
The number of color hands in uniaxial interference figure- 
varies with the ddckiiess of the section and the double o frac- 
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thm ui the mineral. lur iscamplr. thick sections of a uniud&l 
mineral may give a lumdier uf order* nil eNin>. wherea* :i Mbh 
sei-linn nl tin same mineral mav not yield bunds uf eNiu almve 
Mir find order. On tie other hand, if two plate- art- toadr of 
■ lih■ rt-i 1 1 mineral:*, both of identical orientation and living Mr 
siiia* (linkiLi^. tin' mint-nil with tin- -jn ib-r dim Nr refract inti 
will develop Mir greater number id color baud- Tin- relat it mi 
lirlv\i-'N uili;i m; 1 1 tigim - bu to mineral plute- of Mi- -on- Mmk- 
lies* but differing in double refraction j& shown in Fig- 75. 
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Weak Double Refraction 


Strong Double Refraction 


Flti. 75.— Tin* ctilniniluti■ r i-h ---1 i4 Hiiinii unit ivmik tlnuMr rr!'r iirliiin rn tin 

i'hIm-i banibi <-f a nnuivinl mtprfrrence ft pi re. 

Vibration Directions in Uniaxial Crystals, (\mvcraeiit polar¬ 
ized lip]it on emerging nnun :i oni axial mineral in the direction 
of the optic aidii hmupdfie vibration directions, One significant 
raj vibrates parallel to a plane that includes the r~asis of the 
etjsttd; nmitber vibrate parallel to a plane at right angles. Tbc 
two are refvueied iJiiTc-ri-iitly and eojisep im lfTy travel different 
disi-tu ices in pw-diig 11kr»ini'll Mm imiteral plate. 

In the upper niro1 t n-ohition occurs into the plane of vibration 
oi tin- nicol When the mi v-' vilirnt e parallel to the nil nb k n^ohi- 
tiuu is zero, and darkness occurs—hmuw Mu txinl cross. At the 

.5 |... j-n --I -■ _ ml al lot - . i-ii. ■ .. .iiio 

the uUorfmjiier rulorn in, most brilliant. 

When two >n> c»f ray- are formed by the passage of light 
through a uniaxial crystal, one set travels with uniform velocity 
iti ;iII directions and is known uc the ordinary my; the other 
varies in \ i■ ]*m j:i with diri-i linu and is Milk'd the rjtnmrdiHnry 
ratj If liuhi were to radiate out from the center of a solid mn» 
of -urii an anisotropic medium, at si given hHimt the wave front 
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of tin 1 ordinary r:n would be spheneal, whereas the wave front 
of the extraordinary my would be ellipfiOidaL Any fwetion of 
the wave front produced by the ordinary ray would therefore be 


-C- f 5 - Cj B+i£ On*f — ■’ ■ * t 


// | 




A 




1 


T\ 


o 


VK 


\ 


FltgottvC 

Jrnu. 7&<— Set'lictti (if ray wijdEsici^ fur umajual ndnanli. 

;t cirri* 1 , One .section of the wave front -lnt- to lb- * \traordinary 
ray would l>e a circle; the cithers would be ellipses. Figure Tf» 
it lust rales signifiriitit tii ills. 

When the velnehy of the ex- 
traordi nan ray is greater than / * A 
Uiut of the ordinary ray, the / *7'^ 

ellipse lir.^ outdd* the cjrcle, t 
and the mineral is 0|>tic*By 
negative. When the velocity 
of the ordinary my i- greater 
than the velocity of the extraor¬ 
dinary rav, the ellipse lie* within 
the circle, ami the mineral is 
optically pud live. 

The velocities represented in 
the diagram Fig. 76 are die 
reciprocals of the indices of 
refraction* Hie ray velocities 
h ave equal values In me mrec- 
t ion (if Jhe c-oxie* when* the 
ejrele and ellip se cdudde, Hid 
have their maximum difference 

in a directum at right a bid--- in ther-nxis. The greatest and least 
indices of refraction nemr at right angles to the c-axis, and in 


Mr 




Pt«l. 77. — X'ihTiitniit rliiwcirmei \t\ n 

uiLJ.:i*ia.l KKUtiv, fignr#* 

« = taat raj- (U'44t nfractodi; * - 
aiuw my i fuufct ref muted I Vqknaty 

iif i> - * ; Yi‘1orpty iif r - —, 

iwh n* 
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these direction- (only) the iridict*" of refraitmn f*,n‘ flic* redpm- 
r&U nf tin* ray velneiiii^. 

Tin* itulUN-- nf retract hm of lint two ray- m! right angles hi 
tin* c-nxi* me ropn^entad by n* amt n^ r «* |& the index nf the 
nxtntordirinnt my. the index of die ordinary n»y 1 it f.mrd live 
minerals n, m greater; in negative miitomU n m Is h 

In Fig. 77 OCMlVargaat light is shown d Hieing I in surface nf a 
mineral plate such ns quartz, j ut normal to the e-axis, The 
ct hi vergi-nt fx-am i> refract i-d ami broken mtu two rays. the* 
of the rays. Ihi extraordinary ray *\ Lk mure rdrartod and ha# the 
leader velocity. The cither i :n 1 he ordinary ray o u is ]t*Hs rrfracl ctl 

aiel \uw the greater velocity Although Urn diagram b simplified 
by i[sine twu line- to represent the f and n rays, actually there 
are many multiple nf rneh of the two rttyj*. The radial arram 
merit, however, obtains throughout. 



\ Hi. 7^.— Dnt - 1 rm mat inn ■<! the (ijUif- r i ■ ;> r-i l-c of h*mi lor .1 uuiuxml |paf irifl a v ■- 

mineral 


Positive and Negative Sign of Uniaxial Crystals, As already 
dated, doubly ref runted \ ,i\ - of tin- uniaxial ml i-rfemjiee figure 
are arranged radial I v shown in Fig, 77. The extraordinary 

ray vibrate- in die priitripul pfuin pjindlrt it* (he c-uxis the 
other vibrate- at right angle- In some minerals (he ray vibrub 
mg in the principal plane b the slow ray of the crystal; in others 
it is fast If ji b the slow ray, the mine ml Is positive; if fast, it 
is negative, The mineral in the r:e«e of Fig. 77 would be optindl> 
positive since the slow ray e vibrulc* parallel to the e-uxi*. 
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The position of (he slow my with refercare to tin? c-axis may 
be determined with an arcraaor y plate. If n mica plate, psuin 
I date, or quartz wedge insert'd with the slow ray in coin¬ 
cidence with the duw i:m of ihc interference figure, the color 
bauds will change position HuffiricnLlv 10 indicate the optical 
character ut the figure. Ij the tetardimnn is inr reused pnrulld 
In I he slow ray of ihi interference figure, the mineral is positive, 
If decremed. the mineral is negative, The movement of the 
nulltf hand?-. 'Inn* inti the increase and decrease in retardation 
when a mica plit« is inferred, i* illustrated in Fig, 7H. The 
t'ulor hands in q uadran ts I and 3 move inward the renter; the 
corresponding color hand- in quadrants 2 and \ move array from 
tin renter. The movement in qiuiriniiits 1 and 3 represents 
increase in retardation, whereas 
that in quadrants 2 and 4 repre¬ 
sents decrease in retardation. 

In the illustration retardation 
inereaftes parallel to the ■slow 
my since 11le vibrut ioti direirlion 
of the slow ray of the iuk* 

(date m parallel to quadrants I 
and 3. 

Examination of Fig. 70 will 
show that in the four purls of the 
circle at 45 ? to the planes of the 
nirnls the extraordinary and 
ordinary rays fie in 45“ planes 
or normal t*» 45° planes. The 
arrangement is also alternate and opposite. 

The direction of vibration of the slow my should be marked on 
each accessory. If :i miea plate is inserted with the slow ray 
in tlie (L-3) po-itimii, ihc rchinkttinn along I lie e\l rmiftlimuy 
ray in the 1 1 3} quadrant' will in effect be reinforced. At the 
>ame time, an effect <*i sijhtfact ion will orem in I hr *2 4) quad¬ 
rants Tin culm blind.-* of tlie interference figure will be displaced 
by this siiperpodtiuri W here reinforcement incurs, the bonds 
will move toward the renter of the circle. Where subtraction 
occurs, the hands will move* in the opposite direct)urn 

In i>p/iWi//y pijsfVii'r mi Herat* suhtraetinn ore nr* at right 
angles to the direction of the slaw ray in the accessory. In f it gut in 




V 


Fa&i + Fv* 

t'lii Ttl The vibmfUiri iliivrriiiiis 

jil I mj lI j a«xe*sory pUtc- mid man-riil 

r--r it uiintonJ positive b«ure. 
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in rji j I'li# th* mbim* ftt*it r> fn fht fjitiiiintn/.x iytng tihmtj th* xlow-rn j/ 

The signifiram tlhmiuu^ im' shown in Fin 79. 'Hie diagram 
inclit nti^ tin-dilu tion of \ ihmlioji fur« w H cm the four quadrants 
of i uninxi il positive interfereme figure in 11 n* Ir»° position. 
( Wrcsponding slow- and f;*d-rny vibration dim a T ions* fur an 
acccssoi y pj.ir.■ ;nii«<]h. ;i■ - >Lili»[ii; i hi - margins of tin' inii*rh ivrii r 
figure. Th* 1 ordinary ray *> i> h■--> ref meted in tbs mineral and 
travel with grt-utr*! velocity. I 'In* extraordinary ray * i* 
more refracts) and travels with the li-nst velocity. 

In uniaxial negative minerals the -itojition b reversed. The 
rstraordinary ray will be the fast ray, and the ordinary ray 




A, % 




• ^ - 




/ 


Vj 




\ !Vs 


.t : . 


;V 


(al (*»> 

Fia. fit).—(at. limHtal pomtivp, Quarti mt |M!rpcnrlimSm rn The ■apiir axis nm 
vie^^l 4 tk th*- inti'ifriTPluv hsim* wtlJi a £_v|»Mim jitjiit". *tn VllUliiftl negative. 

(’ii3piT«* tin ixiinrmlirubr tu the uplir aii* m* viewed in an iiiiri , fcrti» , i tiinm- nidi 
pi (yp'aum plat* 

\%nUl be tin slow one. The radial jumoiKement of vibration 
cUmrticmF, hownvor, will remain the same. A? 11 result, increase 
in retardation will occur parallel to the slow ray, \\ hen ;i 
mica plate is insert^!, d< in retardation product*- two black 

dots in nitemati quadrant* at the renter of ;m interference figure. 
The directum of the two dots form* a plus with ihe vibration 
direction of the slow my of the mira plate in positive iffiiaadfil 
minerals ami a minus when the minerals an* negative. This 
relationship serv es to keep in mind the fast- and slow-ray vibra- 
i it in di fretto ns in uniaxial crystals. 

The u • p-nni phtto i - frequent I v more nseful 11 ■: deti rrmnhig (he 
optical character of a uniaxial mineral than i- the mini plate. 
Two bright blue area> form in opposite ipindnmts of the inter¬ 
ference figures of many uniaxial minerals. These stand out 
particularly in timm* giv*n by minerals of niudcriite or intei- 
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mediate* double refraction W hew the optical charset ei i~ po-i- 
iivt% ns in llie rmo of cjuarU, the two hiue areas occur in opposite 
quadrant? parallel to tin dow-ray vibration It nr* turn uf tb- 
gypsum plate (nee Fig. Min) When the optical charm ler i? 
negative^ a?" iti the rOtfc of eahiie, llje (\vn I due urea- mi . 191 in 
opposite quadrant? at right angle? to the ?|nw-ruy vibration 
1 ii ration of the gypsum plate <ee Fig. Kitfi), 

Biaxial Interference Figures. hifn*<ltirtiwi <— 1 nder normal 
eruditions mineral? crystallizing in the mthurhombic, lunm^luiie, 
and trieliide crystal eystc mi imc biaxial interference figures. 
Rarely* because of crystallization under si rain, hexagonal or 
tetragonal minerals, normally uniaxial, are niiumuluua and pro¬ 
duce biaxial figures, The latter, however, are exceptions to the 
general rule. 

Double refraction, orientation, and thickness uf section govern 
the elmraHer of biaxial interference figures as rigidly as in tin 
rase of uniaxial interference figure?. Biaxial interference figures 
are also produced by the same optical arrangement of the micro¬ 
scope employe! I in I lie ease rf uniaxial figures. In like uniaxial 
figure.?, curves of biaxial figure- -t—ume different relative forms 
as the stage is rotated. 

Figure 73 illustrates the two different forms id &biaxial inter- 
! cnee figure given by a mineral at 00* and 15 & interval* of rota¬ 
tion t»f the microscope st:ige, The l.V 1 >o.-ition is the uu>-t u-i ful 
fur ordinary optical detenuiiiations and l< ordinarily employ ed in 
study of biaxial minerals. The figure in this position is 
described ns an aeut* tins figure at \rf. 

Thf I 5 3 . 1 cnit Ftgur* — Figun SI indicates the nomen¬ 

clature of the part? ol an aeub bisectrix figure at FV\ The 

different feahires mftv he de-nibed m follows: 

■■■ 

/lO^ntl.—The two broad black curves, tu 1*1 II-111 ft, which mark 
the area- uf exl k 1 j r 1 ion* IN ktmv. n a* isrtgyres. St nmg tlL-persiun 
produce red and blue fringes on the margins of the Lsogyres. 
By noting the distribution of the colored fringes in the inter- 
fenmec figure one determine* tlie clunaetcr of the ftper? 

In minerals with strong dkqiensjnn thi 1 curves sire 11 -i su bhiek or 
so sharp a? in the case of tnbiemb w dh weak dispersion 

Print# of Emcrgnid >f th* Optic Ixr*.—The vertices uf the two 
crescent like curves mark the points of emergence of the optic 
a xm* The amount of separation of these points differs with 
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different minerals Imt is a constant for an im I ivivitaoi mineral 
Tin* lint 1 between tI n- t \\n [mints oi I'jinTp'inv subtends the optic 


axial angle 

Jiahnmiscu bus *U|0£e>!e<J the word mrfatopc for tin pmnN of 
emergence. 

• ff tht Uftfic l ' • 111- phlUC of tin 1 11| xt :i V- * p (IT itviftl 
plane, include* the run j)»nnt» *if emergence rtf the optic nxr-, the 
a utr hbortm difertem. uiul Hie nbti^u bisectrix direction 



Fl'* M. Til" lull'll i»j ,|t Ui.fcVml tigim* porpriiiJlfiilmr in ihn wulf 

liiM-rti ii 4 n thr 45° j-hF nitioti. 

t'utiH liami*. Jiiterfi'ieiuM color bands representing pcwutiuus 
i>i ri|Ufi| n-ku hi!inn m di i rihuted in symmetrim! enrv' amiind 
tlif point* uf <•’luc-tixniiff uf Lhe optic axes and lire culled i^chro* 
malic curt rx, 

X t ami Z: Tin* Hi me u\es V, and Z are di-i rihuted in the 

interference figure :i- shown in Use dfaqpniu. V is normal to the 

pi him "if Hit’ nplir :iu- If i in- umle bhect.njc is X + Cl.btusc 

biscetrbt is Z t and vice versa. 

Optic Normal The direction at right angles to the plane of the 
tip tie jlxiv- i-refem-d to :i- the *pplie norniuL ! I is the n\i> Y. 

Eccentric Biaxial Figures, -Sinn* hi axial mine rain i%s obnerveil 
in thin section may he etc! ut any angle, a v ninety of modi limit ions 
uf 1 lie biaxial interference figures result. A single isogyre may 
swing aemsa the in Id in one figure, another may yield an optic 
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n\i5 t another muy show lln*;n■ uti■ Mser-trix* ole, I hi tnc^l um i ill 
figure for ilptirn I (Il'htllLULLtluil^ of IIllHiTU] | ll* >| H Tl mv lilhfl 
acute bisectrix or optiMxls figaraa. In opdb-Aids figures (wo 

Pig ®3) the convex hide of t he i-ogyre in iIm^ 4^^ position iiidiento- 

(he direction of tin* limit, e bisectrix. 

Mptie-axi* tigure> and iim^i aeiite bheetrix figures tin-griou by 

mineral pert intis showing comparatively low-order colors between 

cross'd nii'il- its parallel light. L\;nnm*ihnn of a nu 1 illM*r ni 

m-stals of miseelbiiieoiJB orientation hetwiHin crossed nicab will 
■ 

often quickly reveal those most likely to gh e ini rH et'eiire ligur* H 

of useful iiriiMitrtt.ii mi ..vergent light. 

Optical Directions in Biaxial Minerals. In nil hitixml mini -thI 
the various npijad features may lie conveniently oriented bj 
reference Vo three lives, X, Y, and Z. arranced at right angles to 
each other X, Y, find Z imfirile the ease of vibration of light 
in the tnwnl tight traveling normal to X viln 3it.es parallel to 
ihe uxis and Ini- the velocity for the mineral l /i 9 

Light traveling aon&al to X vibrates jjanille] tp the ludii and has 
the ruin imum velocity for the mineral l/n Y . Tin- nxta Y lita* 
at right angle* die plutu of \ ami Z Light traveling normal 

to Y vibrates parallel to the axi* ami has an intermediate velocity 
lfn 0r 

In a given mineral, light vibrating parallel In X wifi form the 
fast ray. Light vilirsting parallel In Z is Ihe 4nu my. atul light 
vibrating parallel to Y will he intennvdinte in velocity Thu", 
when the direction of observation lies idoiig the X-uxtH, \Z will 
indicafe the slow ray :md YY the uitrnKM'diatc ray; dnularly. 
when the direction of ohscrvntj-ih b die Z-axis, ZX will he the fast 
ray anti ZY ihe intermediate ray. When the direction id 
observation is the Y-axis, YY viU bo the fast my mid YZ tike 
slow raw 

The ■ iMI wlow-my direction- corresponding to tie varinu- 

dires t ions of observation along the axes may lie indicated n* 
shown in the table nn page qs 

When \ he direction of observation lie- along the; X itxh, lighl 
vibrating parallel In the plane XZ will have the greatesT index ol 
ref met ion, arid light vihrriling parallel to the plane XV will have 

an intermediate Index of refraction, When the three th . I 

oh-i n ation lie- along tin Z-nxis, light vibrating parallel to tin- 
plane Z\ will have the lea-i index of refraction, and light vibrat 
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*»S UfTJCAL UfXEkAUkiY 


1 bpeHmjj n| 
uliri^rvttlion 

Two rays 
obierved 

- 

V Vlnfijt l:l‘H 

X 

Kaster my 
Slower my 

1 Tr.i » interne dtaW' ray 
] fi-j = slowest ray 

V 

Kasirr ray 

Htower my 

] n. = fiLHlest my 

1 fi* = slowest ray 

z 

Faster my 

! u* ■=* fastest ray 


Slower ray 

1 = itiiermediale r- l% 


fug pantile) to ZY will hive mi intmnedi&te Index of rcfnwdion. 
When Hie direction. ol tilts* uvntinn lies along the Y-a\is f li^tSt? 
vibrating parallel to the plane VX will have the hint index of 
refraction* ami p:iriilU-1 In Y Z mil have the greatest index of 
refract ion. 



Fua. 82,—EiMKif*vJtintturn dumimia X, V, and or «. *1. aetl ■>, nilK r#faf» 
enif to biu vial |.hj- i it i> .iiii L i ml ■-r friiMHV 1 1 u I i 1 «* 1 Hr i^!xirjibliK r fAiit 

ind *lo* ray <lir*ctKm» ivrc e*1ao indirauvi 

Within mlnm limits, the axes X, \\ ami Z Ijuvi po-itimi* in 
minerals that nrr depi mlent iijwn the s>>trm <n t-i v>T :tllir:ili.i>n 
In orthorhombic minerals, X, Y. ami Z a tv fixed with resperl to 
the crystallographic ax* 1 ’ n, h, and C. In thr iHriiipvlinic ' -1 vm 
one of the three axes (often Y) coin cities with I 1 m - crystallographic 
axi 6. In the trielinie system tlcn- are no limitaiions of t*-dtion 
errorditig to the er vs tiding rapine a xi**. 

The optica! dirpctiaon in biaxial minerals mny he* npn ■ - I 

in se v eral Wiffl* I hue of the most generally used devices is the 
ray surface iMust.rated m Fig. 83. Another is rhe index ellipsoid 
of I ii! HTi, The my surf are i.- ileveliiped on X, V, and Z arranged 
liiiht angles to each other The index ellipsoid foptieal inn lieu- 
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! iix) may be developed mi the same axes, but by cun veil lion a, 
and 7 are usually used imteoid of X, Y, unci Z. The ttreom- 

| tallying Utblc flirniHht^ a ctimparts-ill uf I !|r tU iJ HV-Irtit- H-f 
rnpir^eoiaticiU. 


Comparison or nnc Bivxiu. f( w Hi:r>mce and the Index Ellipsoid 


t oil!pr*r«l ive fi'jil uri ' 

1 NJirR from center te mirfnei* 

IU:iXi:d my surface 

3 leh-V ' II !]«■■> ‘Ill 

Ukl directum* 

Least velocity .... 

Z 

1 

Greatest velocity 

X 

a 

At ricnr anglrtn, 

Y 

0 

Major semi-fixiii 

1 *„ liTirl 1 rtj 

n y 

Iinterne-little -1 1 .i -ji \ i« 

l,iti 4 nni] 1 fi-,. 

n& 

Minor scmi-nxcs....... T . * 

1 ft, tirid J 

«« 

^ it jll 1 :*! \ 

sWiHiilary optic a ice* 

Primary opttr. mm 

or liimlmln 

or hiimnii = d- 

Surface 

1 ton hie 

Single 


'Hu n i riel it 1 . \ the en^-ob\ihmtujn direcl imiK, wlu-ther 

designated by X t Y, and % or & t and % with biaxial interference 
ii^ure> (if diflimnl aigu is shown in Fig s2. 

Let u~ us-time u single rry^i dime mass of a biaxial crystal of 
suffieienl siie to nllmv examination of light variation in the 
Systran* Tf light Wen- lo radiate OUt from the cetiler nf a sulid 
mass of such an ardsotropSn ntedium, «t a givpu hisiani tlir wave 
from prin I need would be a double-sheered surface with sections a> 
ill list ruled in I'm S:i. The opto ii\* - lie in the plane of \ and Z 
and the acute angle 2F between the opMr n\r> varies between 
0 and 1*0°, 

If the avis Z is Mu' bboctrh of the acute an pie between the 
optic axes, the mineral is said to be optically positive. If the 
lads X is the acute bisectrix* the mineral is said tu be optically 
negative. 

Two u a vc fluids appear in each si cl ion along tliC UXCS one a 
circle, the 1 i it her 00 ellipse. The -izr of each rin h i- determined 
by the velneity nf the light, ray vibrating parallel to the nxia 
around which it i> generated. Ground X the radius ol I he c ircle 
is 1 n, r ; around \ lIn radius is I n±\ mill around Z n! i> I 
Since u a is the lea I index of refraction and 1 ri„ tfidiean- the 


I 
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Mill <)PTHAL MtSKHAUniV 

v« 1oclt> flit" I in 'Vstcni, tim ( in lr \ (In- u: :il- 

Sim 1 * I n.t iiiM-rinniliMi' in vrlordlv. the rirnh m mud \ 
will lllivr idlrmnnlintr -!/• S»|. i‘ I n, |r]u i i-rif tin Irn-l 

I’HiN-ily, tin 1 unminl Z will 1 m* smaller tttiH the Mel 

around lln* two nfh+T TUm<- < oHibitiulinh- of tliip i mid 

lirclis :in» repi'e^entcd. In tin >rrtion prrjH'nilieul n to V mid 
in i hr |ilnm 1 XZ, tin* rirrle with radius 1 flj iiilnrsrnts nn dfipA 
with major utiil minor semi-axrc l ftinl l '■■. ri-pirtiMlv 
ill (,h< HnnlifUl |ifT[irn ii' uln to Z and in tla 1 plane Y ^ , tin mnilM 
«M <-ia*le, radiii* I u ri lie- within iln j rllijiHf witli nmj"i :m<l ... 



semi-AgOS l/«„ and t/n# r resqjee lively, In till* OM'lloii per- 
iwmlirulni to Y in tlu- plain- YZ tin lurgM nni. Indin I it t „ 
lir- uiltMilf tin 1 I'UipHt 1 u till major and minor ^mi .iAr I and 
| o ,, n^pri'l ively. 

light viUmNhu pnrulb I < Z will radial' outward h<- 'In 
center in the phine \\ , Hie wave front will he nrenlni and th« 
velocity will I in 1 n v Si mil arty, light vibrating paralM t.. X 
will travel outward in the plane YZ with n rin nlai wn\n nn f , 
iiiid the \ rlm ity will he l/n*. Likewise. light vibrating pandM 
lo Y wilt (ravel in the plane XZ with a circular wave fmnt and a 
velocity I tip, I n each nf t In-se instances n iitnl » 1 ' t"' r 1 t P 
rmwctivdy, lliG icaxt, intermediate, and if. *t indir-c** <4 
refraction of the mineral 
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Tin* plane- XV, \Z t and XZ tin* wpeHidly significant Sec¬ 
tions along each of these plan- - :ut? illustrated in Fie. 8-1, n, It, 
ami c. 

In tlie plane KZ the ellipse ami circle will cross at four points. 
At. Hicm* four points dllTi*r« fe i^ ■ ■ in wave velocity e\fcl> Tie-.* 
point- of hilermcfinn mark the positions of the* wcomlnry optir 
rr«' .. tn hwatiittin In most st il- thi^c 4 seeonduiy optic 
lu- very Hear the pnwi optic nit * but a re Hot iitt*iit 
with them. 



■ - Si-.-tioti i.. X. < > fH-'-tion itcrpriH'lLfiiUi Oi V, 

Index Ellipsoid i Optical Indicatiixb li is often found rm.ro 
rouvi-uii'hi i ' mjjitm ril ihi* optical relatione of isryerlnls by means 
of a (igii . :illrd i lu- intki eUipMoid i Fig. 85) than by the blaxts) 
ray surf ago (Fig. 83), The index ellipsoid is also ft tlirei‘-dimen¬ 
sional fitrnr. Intt differs materially in d+velupnieii I From lhe 
biaxial ray surface. The biaxial ray suifuir mmmlU of two 

intersecting ftttrf&flea, 1. 21 ^ the exterior of ibe index ellipsoid 

1 - a -inah- -u 1 1'r 1 -■ ■ ■ L'ln* major, minor, and mtermcdjate ilm’> 
a I win which the two are based also differ materially. I l |f biaxial 
r:i\ oirfuee is IuihmI upon axe- iIjmI are proportional to the 
reciprocal!* of tin* ref rant ivu i Julies. The index ellipsoid, oik 
tin* nLher Imiid, is bused 11 pi jii axi-s liimtly proportional to the 
refractive indices 

Tie index ellipsoid or optical hidic&trix for biased cry *■ tab 
nuiv In- dr-i rilied ns a tri axial elHp^oi'l. In common with all 
t.naxia] e||ip*ujd ■ the surface b syinmetric ill Hie origin, arid ni 1 1"' 

.idinate ls* - and .nlimitc plant s Hie origin is the *• nh 

uf the ellipsoid, the nmrdinale am* the aj*eft of the ellipsoid 

at id .rdinate planes are tin- priori pul plums of I lie elli|woid_ 
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Tin' diMiiH'lit- of tin- >iil iiH'Sijitirfil nlnni* 11»■ n\* > 

11 > 2i r 11m -i vii1.ii«'s rurrc^DutnJ in onh r In 11m 


t * 
'( 


l 

l 

Y&'Z 

f. a. MV ItLiii-v 11 L 11 .*i• ii fm ina\uil i rjulniiu 


a 

Y 


Diagram A*iat pt^nt 

Shewinq Cirtutar Slcf<on| 

Fm. W,—Th* rdnUomrUip hftW4vii n». iwo nn'iilm HmnniH, till KHiriid*, mid 

I Ulli-'irtal 1 n,i nnd n , 1 in 1 hr LMilrX, rlhfHi'iid 


minor jrilnmiHjhito, nod major n\v* of tlir oltifi-niil Hi*- - 
tions rut by the |uii;ri|ml |iEarn^ art* thi* principal vrctwns nf 


/? 

or - 

Y 
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CON V&RBBN T POL A HIKED UGH T 103 

the ellipsoid, These -re lions arc 1 ellipses and have major and 
minor dmraetc*r* roiubination^ of 2n n , 2ns* and 2n^. 

All except two of the plane suctions of the fan U x ellipsoid that 
an* cut through the center are eUip:*cs. These are eircli-s dig. 
86). The two circular stations include the semi-ax i.- with length 
j?j f and thus the length of the radius of each circular action 
equals mj Tli * directions pcrp«'Utiicuhir to the two circular i- ■ - 
turns art* called the ofifir tir*-$ 9 or hinurmah. These are mmc- 
tiinr*' called the primary optir *n ■ * and differ slightly flora the 
secondary optic axes (hirndinlsl of the biaxial wave surface. 

The index ellipsoid for uniaxial crystals provides a special ca.-e 
In such crystals two of the diameters have the same value, 2m*. 
As a result, the principal -ectkm containing the two dhinn tot- 
each having the value 2 i> a circle. The surface of this 
indicatrix i> an ellipsoid nT revolution. 

The index ellipsoid for l 1 -umetric crystals is another special 
ease. The three diameter- have equal values, 2w, and the 
surface develop'd is a sphere. 

The optical properties nf Jipiit rays may be determined in £iii> 
given direction in A fri axial ellipaoid. Lot us suppose Fig, 87 
to represent the eltipHokt. 'Hie semi-axes are /i 1( ate I n mi 
respectively, and S'S represents the direction of propagation of 
light along a given line. If the i Li reel ion of S'S has been deter¬ 
mined or is known, the following three pairs of optical properties 
become known by construe Linn: 

1. The ..iirectiona of the two raj's traveling along 5 # S, 

2. The two corresponding indices nf refraction, n» and n lr 

3. The directiom of the two wave normals. 

[f tin direction of the diameter S'S is known, lhe position 
of the planes tangent to S'S at the two ends of the diameter 
also becomes k no urn, Etistheu poesibtetopaea aparallddiamc- 
f.ml plane through the ellipsoid intersecting the center and equi¬ 
distant between the two tangent | dunes. The dtaniH.ru) plane 
through the neuter will cut an elliptical section in u 11 but two 
possible fiositious of S'S. The ^ two exceptional pun lion- are 
the optic axes, and here the sections cut are circular (Fig. 87). 
The elliptical section fnrmde-s measurement* from wht<-li she 
optical properties call lie determined. The diametral plane will 
have major ami minor axes Thc-e axes mark the vibration 
direction* of the two rays traveling along S'S. Tin* major and 
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un t* \l Mi.\kn 


minor radii rt-| in-m u t t h»* refractive indicra of llu* wiivpi- n^ori- 
:itI * I with i hr hit? equaling » 2 and H|. Tlic wave normal 
ton** pond frig In l.hi- ray propagated uknif{ S*S unit vihtalmg 
along tin uuijur axis \u> in a plant* through S f S find the major 
ttxis find i> nnmml to the u-vl* SimiLnh, Hu* wave nunmd 
^ont‘'ponding to tin niv propagated along S f S mid vibrating 
along the minor axis Ik* in a plum* through i$ f S mat the minor 
fUtis rind is normal to the axe-. 

Drop prrprtnlienlms from the iuterset riun of the sixes with the 
a mini Jen- -nr* of i hi* ellipM Kigs ST and SS> upon S' ns He-. 



Yui, 87 ,—A is>‘ o.s hi ;in ukK-\ 
rllitrttdil with n r o h j u a a % r fitan^ 
fli touch O rind prUallel tn lamfiimt 
plain;* al ft |jnd ft\ 



Fn.. k* Sn-liuti (himitfh fin «*Nlfi*» 

aid shpwiiLsi tbd ray os togcthor with 

tram n( triad iliintu'lr al 

planes. 


prrpr-miiruhn > niv f\i£ z mid !\Q\ Then I . F Ah ^ tin wloritv 
of I )n m\ propMgal ed filling S OS suit] vibml ing Jilori^ I In major 
u?ds h and 1 l\(j\ is the vr)n<-ity of the ray propagated along *K'0,S 
ami vibrating along tin* minor axis, F^Qi lh*> in a plane at right 
angles to the plant 1 of rhi- drawing in Fig, SS. 1 

The Axial Angles 2E and 2V,—The observed ndul angle is 
alv _ ■ i r i ■ i-i km I he true axial angle within the miiiemL Tin.' 

U due to ihe n ine !. . . the oblique ra>>, tm ill ustrated in Fig. 

V> Ihi MLgli 2J: IK 11n- angle in air. while jl i- Mir inteiied 
angle* 

' I h' furvjmihK ilUirii'Sinii i-Mrom-ly Juph d upon ji im jM» r. The Huy Snrfum\ 
11n?Opti* i r ti in 'ii nv, jitjiJ Their btcmhtioti, by l a. Goorge Tutnoll 
Atad. Set., 1933 0 
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the approximate axial angle with (lie- microscope. In the erpm- 
lifiti K is a cosuitflitt fop a particular microscope, 1) is mu^haLT 
tin- ili>Uiiu ' ln*twn ii the |M>iibi - of emergence, and E is oni 4ia!f 
tin a\\a\ angle in air. When 2 E has inni determined the next, 
step is to compute J -1\ 



Fni vi,— '1 I,, m■ [ .11 1 11■ Inti viimHI *hi nt»*rvH nngk 1 -E imil r h*< inmV -I'm Nb*I *1 

ibintnl*. 



-d) Araponitr 
21 - 111 3 

® 0 1 1 



In Du rile 
2\ - 

- 0 .Q 12 


I iu, (Hi i-nik uf Axial anuJf^. 


Tl.UNjml ii lion i*f l he angle in n mineral from the 

observed axial niijdc in air depemis mwm the furmuht 

sin E = a# sin r 


When n sin l r in ii pint fn l T the angle 25 becomes I HO , and 
the axial angle in air cannot be measured, Anglic greater than 
ISO liken i-e entmnl be measured in air. 11m value of the 
observed angle may In reduced to mensurable dimensions by 
immersing thr objective in oil of known refractive index* 
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I-urg*' axial angles need to he measured with a rotation device. 
Such devices for rotating crystals in a vertical circle may be 
adapted tu the singe of the microscope; otherube special appara¬ 
tus must !«• employed* 

Variation in Axial Angle.- big no- 1*1 J ilhiMnde- two iiinxiid 
interference figures in the 45 s position* The figures reprt'seiit 
t wo dilh-ivni niii --r i!- aragonite on the It f 1 and lun irr on the 
right. The two unctions from which lie hit ei id cm 
tlcrivnl have hern cur normal to I bn acute bisectrix in eacli 
hcc, tmd the sections are also erf approximately the name 
tldekness. As a result of these conditions, only two variables 
remain to produce diflVrenee- in the diagram: variation in i up 
axial angle 2V and variation in the double refraction n a — 

The i^ogyre* in the figure on the left represent the ;*[! proximate 
po-itio^uf the i wiMiiies in rel it tun to the field of tic miciOMoj ■ • 
for an axial angle 2V = 19° iaragotuleh Tlic figure on the right 
represon is bn rile drawn tu the same scale* hi I his instance the 
angle 2 V ;J7 o ! 10' places the i-mgyre- :i1 lie edge of tin In Id Of 
view. 

Die dotted 1 tin's in l ie figures indicate the dintnhiition I the 
color bands. Aragonite has a double refraction of 0.155, which 
is (*Qimi(icnib|y larger than the double refraction of barite, which 
is 0.012. hi cousnjin tin t f*«r the -nine thiektu ss of section r 
aragonite has many more "dor bands Mum hmile. 

The student, should -tudi the interference figure- of a number 
of different mineral sections cut normal to the acute bisectrix 
until he becomes iatmliar with the variation of the famgy ias with 
the axial angle. In fact. if Is worth while ru record in snotebook 
the relative [insiurm- of the fengvres lor angles in the in ml ! oi- 
hood of ft, Hi, 15, 20, 25, 90, 35, and 10°* A record of thin sort 
will be of mnsiderahl0 sssistncice in determining the approximate 
axial angle of uu unknown mint nd. 

It should al-o he remembered that if the thirktlM remain- 
f lie 'satnr, the uuiulier of the color bands of the interference 
figure will either increase or decrease with iin-rca-e or decrease 
in I he double ref met ion. 

Determination of the Optic Sign of a Biaxial Mineral —l ie 

optic sign U best det eruirrud with the minmil in ihe (5 e position. 
The quart* wedge i« employed for most detenuimil intis. In 
some raaes, however, a mica plate or gypsum pbde may he pre* 
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feirecL The same prineiples utilis'd when the qimrtz wedge is 
employed apply equally hi determination* with the other acces¬ 
sory plates. 

V' -rated before, X, \ , aiuJ Z are the axes of ease of vibration. 
Light Traveling through a crystal normal to X has the maximum 
vi'JiN’iiy fur all < liredions in the erystal Light traveling norm it I 
to % bus the least velocity. The direction V is normal to the 
plant- nl \ and Z. When I he direction X h the neute bisectrix, 
the mil lend is opt ically negative* If Z is the acute biNcetrix, the 
mineral is positive* 



RpiTV. 

A hiiixial negative crystal in the acute bisectrix position at 45° 
will I h n*ed to 1 tl'UHf rtfct r i the method of determining the optic 
sign (see Pig. Ul). A buixhd figure of this type is first observed 
carefully in order to note the positron of the color hand-., both in 
the central area and within the nvo small areas inclosed by tin* 
concave poi«i"iis uf theInogyres, A quartz wedge i> then insert i < I 
in the ncerewnry with thedow rny para 1 it 1 to tin* axial plm 
Movcnu'tit < d tin- color hand' occurs ns the wedge is insert ml. 
The movement of the color hand* in a negative crystal t§ 
indicated by the arrows in i 01 As the wedge is moved in-— 
ue. t as the thickness inereascs—the color bands in the Central 
area move toward the hw ,, ry^. M or melntopes, of the inter¬ 
ference figure. At the filin' lime the bauds uti the op polite sides 
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of the isogyres within the two small wens move away from the 
mclutope> An the wedge is withdrawn, I)»<? movement of the 
color hum Is in reversed. If a positive crystal in sidl'd iiu ted, 
the movement, ol the color hamh is also reverHtrd. 

In the I iliivia I negative crystal illustrated the axis Z 1 i> in the 
a.\i:d plane tilling tie 1 direction of the nbiu-e Ih-i- r-1 1 tx Tin- a\i- 
X is perpendicular to Z Olid b* till* dinetloti of thi unite bisectrix. 
The avis V U the optic normal. Two rays travel along X with 
vibration directions at right angles to each other, tin vibration 
direotiona being parallel, respectively, to Z and \ The ray 
vibrating parallel to z is the -low r:n for the crystal velucitv 



} jo. 02, Pn*tih‘t mu I iingnLiw ItijiinJ. rty-i jiS.- tinriinit iim ibalr imtirnrani'e with 

4 mirn litsilr in mmmctiniuNrUir liifln-'i- 

(l/"r)i I hid parallel in V is inlremediate in vein* it *. Imx inu 
the value \fn$. 'Huh, in the central area of the tttteffeiUDOl 
figure at X, we lmve u slow ru\ , i clued v 1 n v a in I an internes lint* 
hut faster ray, velocity 1 i*. ( nusequerd ly. ii the slow tay of 

the quartz wedge is parallel to the direction Z, in c reate in retarda¬ 
tion iH Tins tw the wedge Ihickness mercascs* I his result* in n 
movement of the color hniuls toward the uiHittujies in I In mitral 
jiortioii of the figure &a the w edge is inserted* At the 8 am* taiitfi 
the color bauds in the oijIit poiti-m- will move in I In- oppe-dle 
diractlofi si lire here the slower ray and faster ray relation* arc 
reversed* If lln quartz wedge i* always in-cried AK io^Bftlid in 
Fig. til, an acute bisectrix biaxial negative ildcrfereni i figuo 
in the 45 ° position will always show movement of the color bunds 
toward the molitopeiin the central area* £’onv- rscly T u biaxial 
tK'dtive figure treated in the same wav will show movement in 
the opposite direct ion, Since the dow-ray vibration direr Lion 
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in the interference figure is oarib determined by mmpaHiou, 
Example i*l liiilli poritive and negative biaxial figure in nmuo- 
rhromntie light with l lit* rinw-ray vibmtirm ilir» ■■ -Inn in act'tt* 
ory |»hit 4 ‘ su peri hi posed art* shown in Fiji. I!2. 

The Optic-axis Figure, Interference figures pmdun«d by 
^cottons cut Humid ur marly normal to one of tin* two optic 
axes of a biaxial minimi an u-efuI fur Uetenutiis-tioiis of optic 
rigji. Such son ions yield interference figures having it single 
isogyn* in the fluid of view. Theuidaiope, or point of emergence, 
may coincide with Lite gads of the microscope or may be slightly 
* pff center. 



Ftix, S3. Mnifii^-Tit nf Lho color hand* m an oiuir-aiia biaxial punitive inter* 
fi'j r iii’i’ liiturt’ hh La i l pi air is intt-rlML 

As the stage is minted, the bngvre swings around the field, 
remaining centered or nearh centerdf depending upon the 
eccentricity of the seel,inn* Tlic color bands are nmmged almost 
rirruhuh amuml the mdatopc and vary in retardation with 
the double rcfrurlmn of t he ml nr ml. 

The curvature of t in- huigyre di ■creases with an increase in 2F. 
When the axial angle i- hirer—t> if near 90° the iwngyn* is 
straight, anil the acute bisectrix ride of the interference figure 
Incomes indboi aguish able from the obtuse* bisectrix side. When 
the angle is small, however, the isogyre is definitely curved in n 
eresreiitlikc fontb The convex side of the curve in the 15° 
pof-ition points toward the acute bisectrix, and the obtu-e 
bisectri\ is on tin* concave ride. 

Optic-axis figures showing even slight curvature are useful 
for deter minations of the optic sign The mini plate, gypsum 
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plate, or quartz wedge h r U nmpJoyiHl, depending upon tin- 
double ref rad ion of the mineral. The effect of ihi* quartz 
wedge upon a biaxial insi'irivf n|itir-a\K julorimuoe figure 

shown in l 1 ijs Oit, Yn i»|«I ir-n\i~ figure without the wedge 
inserted is rJiuwii on one -id*- of the diagram, ami lli*- movement 
.if the 4'ohin hands caused by insertion of the wedge t> shown 
on ihr opposite hide 



Positive \ / Nego+ive 

1 to optic 0 X 15 V i to Optic £}J )|3 

Fr«i. 1 M, M«e tMUflU uf (liv blind* 0 > l»- < Hh Hir <, I.SMI 

it* iiturried in vutr hnuwtrU iffid 'ijiiitMtii* intoifrmtirr (lunriv* of 
®gn. 

Diagram* are shown in Fig. iM, which should be of convenience 
in determining llie sign* <»f iuterfeteme figures in the two iun«t 

useful position* ii]mu iitser&u of the quarto wedge* The same 
I>rinri[»)«-s apply in utilizing mini mid gypsum plate* 

Dispersion in Biaxial Interference Figures. Tim optic angle 
for light uf one wave length is fmptently greater t*r hw than 
for light of another wave length, in the normal interference 
figure produced hy white light this b usually delected hv it 
lieeiihar tunings men I of the color hands or hy the development 
of blur and rid fringe^ on the isogyn**. 

Tin ili*|>ersioti recorded in most table* of optical mineralogy 
i* that of the M]tlic axes The two extreme rnys of dm sperirmn 
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tire used to dedgflftte the diameter ot lIn? dispersion, Thu-, 
if the axial angle for red r k greater than that fur viotet i , the 
dispersion is expressed t > In cue the reverse n troci 
the formula Is r < 0. 

fn many instances the difctperakm ear* be determine! by direct 
observation of the biaxial interference figure (Fig, 96) If the 
isogyrea of the itit.rriWonr® figure (r > c) have a distinct red 
fringe on the convex edges, the angle for red Is greater thnn for 
violet* Both iflugyri* should be observed before reaching a 

r>v r<v 



Fiu* 05.—Biaxial figsuf** illufitratinf dtepenriDn r > » tuicl t < t. 

Tin* 6r>luird frinpi ■* nn nWrvi*rl in tli* iittrrfi'rrnw an* iwpiwhI ii • -n th** 

axial AEfcftlea **nn jiik m dn 1 <lttr tn .itinrtiim. 

conclusion. <hi the concave ride of the foogyre, as Illustrated 
in the figure, red light is extinguished* and conNcquriith the 
concave fringe h blue in roll Bine is extinguished on (he 
convex ride, and the fringe \> ml. 

It should be emphasise 1 t hn< the symmetry of the fnterfc retire 
figure is always governed by the ajnBuuotry of the ffunsil 
Dispersion vuries umirding to the symmetry of the crystal 
system. The various types* arranged according to cry."till 
system, are as follows: 


On tmrhombi? rrprtjilp: 

DispcTriion nf ihc nfitJC axes. 
CTranced axial plane lii.-t-eraion. 
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tinnyu mu tritvil ih«<|)eri-icifi. 

Thm i types are best di.'tinipikhed by tin 1 iwe Of Right- Ot 

v^rii wsivr lenplh- lh d ntnl l>Ur <ulor til hi in phioH 

in front of the mirror of the HifaiTQSCrJiii 1 ;lh iunvi tiieut, 

Suggested Refeiencci 

Bl i Iv,: "Emf^hrang in dir Krwintloptik/ f Sutniulutipf Gftfcbrti, 

Iti-rltu i MM2, 

fvvtvh X W\: °Tlir I> terminal-kill <*i Mineral* under the Microscope, '* 
Mtirb_> A ( o.j, London, 102$. 

( i ru ilKII, I..- "TheGpUi il Itodirulrii/' II. lif t Krnu'ili (Mm'd IjiNnt^i 
Ft&m WmtIioubc, l^mdoEi f 1S92. 

Gboth, P*: “The Op linn I Prupertii>* of rryMtiW rrntui. by IL IT Jwlwno, 
John Wiley A Scibm. Inr., Nov York, 11*10. 

... A,: “Miiimol nf Petrographic Method*. \l t U .m-H ill Ihwk 

( nmjumy, l.ne„, New York* i 01 £ 

TtmoK, A* B* E; “CryjitAll&itrflphy and Practical Crystal IfeMurcment,” 
2d M.. vrtl 2: Phj.iitiil ftiid < hrmicnl, Mncmilliui A c on pun;. Lid 
Lumfou, 1033, 

WmGOMtLf A. N.S "Jflemeiilc of Optical Mmorrihnrv/’ full < tL ( Part I: Pric- 
dplrs find Method*, John Wiley A Hoiif, lm\ T New York. 19CL7. 

WmiGHT, F. K.: The Index UlUpcoii dJM*/Mr.ifd IU ad ■ ' pp 
133 m 1013. 

-: The Formation of Ifitvfiiliii FEgnra; A Study of T.hr Pits 

Exhibited by Tmiuipnnrnt Inactive t rv^tnt Plates in Ccnvc^it 
Pd. trued Lights Jour. a-k 1 1 vnl. 7 h pp- 770 SIT, 10'Jii. 


Scanned by CamScanner 



















